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Transcription is the molecular process that synthesizes an RNA molecule that is complementary to the 
DNA template. In eukaryotes, transcription is catalyzed by one of three RNA polymerases that share 
structural features and subunits but transcribe different types of genes. RNA polymerase II (RNA Pol 
II) transcribes genes that code for proteins and several long non-coding genes. RNA Pol II transcription 
involves three main stages: initiation; transition into productive elongation; and termination. This thesis 
focuses on transcription termination and aims at studying its functional links with RNA processing and 
the formation of non-canonical nucleic acids structures, such as R-loops. R-loops are by-products of 
transcription that also have been found to play a role in transcription regulation, however, it is not well 
understood how they affect transcription termination and mRNA processing. To decipher how R-loop 
formation affect the process of transcription and RNA processing, we directly examined with single-
molecule sensitivity the synthesis of transcripts upstream and downstream the cleavage and 
polyadenylation site (CPAS) in the nucleus of living human cells and calculated the transcription rate 
of RNA Pol II for that regions. By using two different RNA labeling methods, PP7 and λN22, we show 
that R-loops suppression impairs transcription termination. Further, we show that R-loop formation after 
the CPAS is not essential for an immediate transcription termination. A model for transcription 
termination, the torpedo model, suggests that exoribonuclease 2 (XRN2) digests the unprotected 5’ end 
of the RNA transcript until it collides with the RNA Pol II, leading to its dissociation from the template 
DNA and favoring transcription termination. Here, we provide evidence for the torpedo model by 
observing a non-immediate termination when XRN2 is depleted. Moreover, we show that splicing 
inhibition impairs transcript cleavage and transcription termination. Our data provide new insights in 
the role of R-loops in transcription termination and mRNA processing. 
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A transcrição pela RNA polimerase II consiste principalmente na síntese de uma molécula de RNA 
complementar a um modelo de DNA. Este processo é fortemente regulado pela ligação de fatores de 
transcrição à polimerase, modificações epigenéticas ou formação de estruturas secundárias. Os R-loops 
são estruturas que resultam da hibridação do RNA produzido pela RNA polimerase II com a cadeia de 
DNA complementar. Estudos anteriores demonstraram que os R-loops têm um papel na regulação da 
transcrição, no entanto, ainda não se conhece de que forma afetam a terminação da transcrição e o 
processamento do mRNA. Neste projeto, analisámos os parâmetros cinéticos do processamento da 
extremidade 3’ do mRNA e da terminação da transcrição e como a formação de R-loops afeta estes 
processos e o splicing. Para atingir os objetivos propostos, utilizamos microscopia confocal de células 
vivas com sensibilidade para detetar moléculas individuais, que permite acompanhar a produção e 
libertação/degradação de transcritos únicos em tempo real em células vivas e estudar os parâmetros 
cinéticos da RNA polimerase II durante a transcrição. Para analisar o comportamento cinético da RNA 
polimerase II na terminação da transcrição, foram utilizados genes repórter constituídos por dois exões 
separados por um intrão, provenientes do gene imunoglobulina M de murganho. No exão II foi inserida 
uma sequência de 24 stem-loops reconhecidos pela proteína de revestimento do bacteriófago PP7 e após 
o local de clivagem e poliadenilação (CPAS) foram inseridos 25 BoxB stem-loops, os quais são ligados 
pela proteína N22 do bacteriófago λ. Depois de induzir a transcrição do gene repórter com doxiciclina, 
as proteínas específicas ligam-se aos stem-loops presentes nos transcritos e, por microscopia confocal 
de células vivas com sensibilidade para detetar moléculas individuais, é detetado um ponto fluorescente 
correspondente ao local da transcrição. 
Primeiro, realizamos uma descrição cinética do processamento da extremidade 3’ do pré-mRNA e da 
terminação da transcrição. Observamos que, durante a transcrição do gene repórter IgM-1.7k-PY, a 
sequência de PP7 stem-loops no exão II é transcrita a uma taxa de cerca de 4,94 kbp/min, mas a 
transcrição dos BoxB stem-loops depois do CPAS não é detetada. Por isso, concluímos que a RNA 
polimerase II liberta-se do DNA antes de transcrever a sequência 25xBoxB stem-loops ou que há 
degradação do transcrito pós-CPAS, provavelmente pela exorribonuclease 2 (XRN2), ou seja, a 
terminação da transcrição é imediata. Também observamos que a clivagem do transcrito pré-CPAS 
acontece 35 ± 10 s após o início da transcrição da sequência dos PP7 stem-loops. Quando a concentração 
de doxiciclina é superior a 0,08 µg/ml, ocorre a síntese de vários transcritos em simultâneo, sendo 
possível detetar a produção de transcritos pré e pós-CPAS. Isto deve-se à maior densidade de 
polimerases no gene repórter, o que influencia o local e o momento da terminação da transcrição. Desta 
forma, há um atraso na libertação da RNA polimerase II do DNA modelo e transcrição da sequência de 
BoxB stem-loops. 
Uma vez que no gene repórter IgM-1.7k-PY a sequência após o CPAS é propensa à formação de R-
loops, testamos qual seria a influência da RNaseH1 na eficiência da terminação da transcrição. 
Verificamos que em 27% das células transfetadas com RNaseH1, havia produção de transcritos após o 
CPAS, o que significa que a terminação da transcrição não é imediata. Analisando a velocidade da RNA 
polimerase II, notamos que esta transcrevia mais rapidamente (6,82 kbp/min) a sequência dos PP7 stem-
loops quando era detetada transcrição para além do CPAS. Uma possível explicação seria a degradação 
pela RNaseH1 de R-loops formados ao longo do gene que ajudam a controlar a velocidade da RNA 
polimerase II, levando a que a enzima não seja capaz de libertar-se do modelo de DNA antes de 
transcrever os BoxB stem-loops. 
Para determinar como é que a formação de R-loops após o CPAS influencia a terminação da transcrição, 
foram utilizados dois genes repórter: um com uma sequência propensa à formação de R-loops após o 
CPAS (IgM-1.7k-PY-pA-baRFS) e outro com uma sequência que não forma R-loops (IgM-1.7k-PY-
pY-pA-NRFS) no mesmo local. Para ambos os genes repórter apenas foi observada a síntese de 
transcritos pré-CPAS, indicando que a formação de R-loops após o CPAS não é determinante para a 
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terminação da transcrição como acontece noutros genes, por exemplo, o SNRPN. A nível cinético os 
genes repórter IgM-1.7k-PY-pA-baRFS e IgM-1.7k-PY-pY-pA-NRFS também tiveram resultados 
semelhantes ao IgM-1.7k-PY. 
Existem dois modelos para a terminação da transcrição de RNA polimerase II: o modelo alostérico e o 
modelo do torpedo. O primeiro defende que o RNA polimerase II sofre uma alteração conformacional, 
após a transcrição do CPAS, libertando-se do modelo de DNA, enquanto o segundo postula que uma 
exorribonuclease (XRN2 em mamíferos) degrada o transcrito sintetizado após o CPAS e liberta a RNA 
polimerase II do DNA modelo quando a encontra. Questionamos qual o modelo de terminação da 
transcrição poderia explicar o processo de terminação no gene repórter IgM-1.7k-PY e para isso 
reduzimos a expressão da XRN2 e avaliamos o efeito na terminação da transcrição. Detetámos que, em 
33% das células observadas, ocorria transcrição para além do CPAS, o que significa que a XRN2 é 
importante para uma terminação da transcrição imediata, constituindo assim uma evidência do modelo 
do torpedo. 
Uma vez que o splicing e a terminação da transcrição são processos que estão interligados, averiguamos 
se um splicing ineficiente afetava a terminação da transcrição, utilizando o gene repórter IgM-1.7k-
PYwsj, com um sinal de splicing fraco na extremidade 3’ do intrão. Detetamos em todas as células 
observadas a transcrição para além do CPAS e um atraso na clivagem do pré-mRNA, relativamente ao 
gene repórter IgM-1.7k-PY. Além disso, notámos que a velocidade da RNA polimerase II era inferior 
durante a transcrição (3.71 kbp/min). Logo, a retenção do intrão afeta negativamente a clivagem e a 
terminação da transcrição, o que pode ser explicado pelo facto de o spliceossoma continuar ligado à 
RNA polimerase II, impedindo a ligação dos fatores necessários à clivagem do transcrito e à terminação 
da transcrição. 
Uma vez que os R-loops têm um papel na regulação da transcrição, investigámos qual a influência da 
formação de R-loops antes do sinal de splicing na extremidade 3’ do intrão no splicing, na clivagem e 
na terminação da transcrição, contruindo o gene repórter IgM-1.7k-3’intron-baRFS-PY. Este gene 
repórter possui com uma sequência propensa à formação de R-loops antes do sinal de splicing na 
extremidade 3’ do intrão. Por qPCR, demostramos que 91% dos transcritos do IgM-1.7k-PY sofriam 
splicing, enquanto 98% dos transcritos do IgM-1.7k-PYwsj não. Surpreendentemente, 83% dos 
transcritos sintetizados a partir do gene repórter IgM-1.7k-3’intron-baRFS-PY sofriam splicing, 
indicando uma recuperação da eficiência do splicing através da formação de R-loops antes do sinal de 
splicing fraco na extremidade 3’ do intrão. Por microscopia, só foi detetada transcrição do gene repórter 
IgM-1.7k-3’intron-baRFS-PY para além do CPAS em 18% das células observadas. Assim, mostramos 
que a formação de R-loops antes do PY tract pode restaurar parcialmente a eficiência do splicing, da 
clivagem e da terminação da transcrição, provavelmente, causando um abrandamento da polimerase e 
dando mais tempo para o reconhecimento do sinal de splicing pelo spliceossoma, aumentando assim a 










Em suma, estes resultados demostram que, quando a RNaseH1 é sobrexpressa, a velocidade de 
transcrição da RNA polimerase II é anormalmente elevada, ocorrendo transcrição para além do CPAS 
e que a formação de R-loops após o CPAS não essencial para a eficiência da clivagem e terminação da 
transcrição. Através da diminuição da expressão apresentamos evidências que confirmam o modelo do 
torpedo para a terminação da transcrição. Na presença de um sinal de splicing fraco na extremidade 3’ 
do intrão, há retenção do intrão no transcrito e a clivagem do pré-mRNA e a terminação da transcrição 
são ineficientes. A inserção de uma sequência propensa à formação de R-loops antes desse sinal fraco 
de splicing, leva à recuperação parcial do splicing, clivagem e terminação da transcrição. Desta forma, 
os nossos resultados contribuíram para a compreensão do papel dos R-loops na terminação da 
transcrição e do processamento do mRNA. 
 
Palavras-chave: R-loops, terminação da transcrição, splicing, microscopia confocal de células vivas 
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Transcription is one of the essential molecular processes in the cell that is the synthesis of an RNA 
molecule complementary to a DNA template. Transcription is catalyzed by RNA polymerases, enzymes 
responsible for the formation of phosphodiester bonds between ribonucleotides1. In eukaryotes, there 
are three types of RNA polymerases, in contrast to a single enzyme in bacteria. These three RNA 
polymerases are similar in structure and subunits but transcribe different types of genes2. RNA 
polymerases I and III are responsible for transcribing genes that code for ribosomal RNA, transfer RNA 
and various small RNAs3,4. RNA polymerase II (RNA Pol II) transcribes genes that code for proteins, 
producing  messenger RNAs (mRNAs) and a large number of long non-coding (lnc) RNAs1,5. The 
transcription process that will be described below is the one catalyzed by this enzyme. The process of 
transcription of a gene by RNA Pol II is regulated on several levels starting with the initiation and 
transition into productive elongation, followed by pre-mRNA processing, e.g. splicing, until reaching 
the 3’ end of a gene where cleavage, polyadenylation and RNA Pol II termination take place1,6. These 
processes will be described in more detail below. 
1.1.1 Initiation and Elongation 
Initiation of transcription is an important step in regulating the expression of a gene. At this step it is 
defined which genes are poised for transcription. The rate of RNA Pol II transitioning into productive 
elongation then define if the gene is expressed and at what rate7. In this stage, RNA polymerase binds 
to the gene promoter with the help of the general transcription factors (TF). These factors bind to the 
promoter, recognizing the TATA box, promote the opening of the double stranded DNA (dsDNA) and 
the passage of RNA polymerase to the elongation phase8. TF involved in RNA polymerase II 
transcription are called TFII. The association of transcription factors begins with the association of 
TFIID with TATA box, located 25 nucleotides upstream the transcription start site (TSS). This 
transcription factor causes physical distortion of DNA at this site, promoting the binding of other 
transcription factors and RNA Pol II, which constitute the transcription initiation complex9. Next, 
TFIIH, which contains a DNA helicase as one of its subunits, promotes unwinding of dsDNA and 
exposure of the template strand6. The opening of dsDNA leads to the formation of the transcription 
bubble and the synthesis of the transcript begins. For the shift of RNA Pol II to the elongation phase, C-
terminal domain (CTD) phosphorylation of the largest subunit of RNA Pol II is required10. In humans, 
this domain consists of 52 tandem repeats of seven amino acids, including three serines which can be 
differentially phosphorylated. During the beginning of transcription, the serine in 5th position is 
phosphorylated by TFIIH, which has a kinase as one of its subunits11. From this moment on, the 
polymerase undergoes a series of conformational changes that increase its affinity to the DNA strand 
and allow it to be released from the transcription initiation complex12. After RNA polymerase transcribes 
a small RNA segment, it pauses downstream the TSS, due to the binding of DRB sensitivity- inducing 
factor (DSIF) and negative elongation factor (NELF)13. The entry of RNA Pol II into productive 
elongation is mediated by the cyclin-dependent kinase 9 (CDK9), a subunit of the positive transcription 
elongation factor b. The CDK9 phosphorylates NELF, which dissociates from the polymerase, DSIF 
and the serine in 2nd position of the CTD of the RNA Pol II, which restarts transcribing14. Enhancers 
also contribute for this process by recruiting cofactors that stimulate CDK9 or directly interfere with the 
pause and release of RNA Pol II, as bromodomain-containing protein 4 and p300015.  
The initiation of transcription in eukaryotes is quite complex and involves several regulatory proteins, 
such as transcriptional activators or repressors which bind to the regulatory sequence of the gene1. The 
mediator complex is also needed to link RNA Pol II to regulatory proteins and transcription factors16. In 
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In order to initiation complex have access to the DNA, the action of chromatin modifying enzymes, i.e. 
chromatin remodeling complexes, as the chromatin structure remodeling complex17, and histone 
modifying enzymes, such as  histone acetyltransferase Gcn518, is required. There is not a single path for 
the association between the protein subunits, as it varies according to the gene to be transcribed6,15. 
During elongation, RNA Pol II moves irregularly, changing its speed and even pausing in some regions. 
This phase is controlled by elongation factors that bind to RNA Pol II soon after initiation, preventing 
it from dissociating from DNA before reaching the end of the gene. Chromatin remodeling complexes 
act on the chromatin structure to facilitate the passage of RNA Pol II and may be associated with this 
enzyme or recruited by other factors of the transcription complex to help any that is trapped19. 
The movement of RNA Pol II generates positive superhelical tension of the DNA ahead which hinders 
the opening of the DNA helix and facilitates the release of histones from DNA. In eukaryotes, 
topoisomerases help to release the positive superhelical tension. To compensate, behind the polymerase 
a negative superhelical tension is created and a DNA double helix with this conformation is more 
relaxed, allowing  for instance the invasion of RNA molecules to hybridize with the antiparallel strand 
of homologous sequences to form so called R-loops20, as will be discussed later. 
1.1.2 Splicing 
As most human genes contain non-coding intron sequences, their removal from the transcript 
synthesized is required. Splicing is the removal of non-coding regions (introns) so that the mRNA 
contains only coding regions, in a given open reading frame, for a given protein. The exons of a gene 
are interspersed with introns, which are often much longer regions in most of eukaryotes21. Thus, only 
a small part of the gene corresponds to the coding sequence for the protein. Each splicing event removes 
an intron in the form of a lariat and joins two exons through two sequential transesterification reactions. 
It is also this process that allows eukaryotes to synthesize more than one protein from the same gene, by 
allowing alternative splicing of intron/exon combinations in a regulated manner. Predominantly, 
splicing occur co-transcriptional but occasionally it happens after transcription22,23. 
The spliceosome is a complex formed by RNA molecules and proteins responsible for the splicing 
process. These RNA molecules are small nuclear RNAs (snRNAs) that recognize splice sites and are 
involved in the reaction. The snRNAs that constitute the spliceosome are U1, U2, U4, U5 and U6. Each 
is associated with at least seven proteins forming a small nuclear ribonucleoprotein (snRNP). For 
splicing to occur, the spliceosome must recognize the 5’ splice site, the 3’ splice site, and the branch 
point within the intron. Each splice site has a consensus sequence, which allows recognition of where 
splicing is to occur. U2 and U6 link 5’ splicing site and branch point, catalyzing the first 
transesterification. Due to the action of U5, the 5’ and 3’ splice junctions are approximated for the 
second transesterification to take place. After the reactions, snRNPs remain associated with the lariat, 
requiring rearrangements in RNA:RNA interactions and ATP hydrolysis to be released and used in a 
new splicing process. The exon junction complex then completes the splicing by linking the two exons24–
29. 
1.1.3 3’ end processing and RNA Pol II termination 
When the transcribing RNA Pol II progresses towards the 3’ end of a gene, it will reach the so called 3’ 
untranslated region (3’ UTR) in which, in most human genes, a sequence motif is found that has the 
consensus sequence AATAAA30–32. This signal is recognized in the transcript by RNA binding proteins 
and RNA processing enzymes, signaling pre-mRNA cleavage and polyadenylation as well as 
transcription termination. Although, these two mechanisms are not always interconnected. The cleavage 
stimulation factor (CstF) and cleavage and polyadenylation specificity factor (CPSF) are two very 
important protein complexes for the 3’ end processing. CPSF is recruited for the elongation complex, 
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interacting with the RNA Pol II body, while CstF binds to the CTD. When the AATAAA sequence is 
transcribed, CPSF binds to it, inducing polymerase pausing. CPSF also binds to CstF when it recognizes 
the GU-rich region downstream the cleavage and polyadenylation signal (CPAS). The pausing effect on 
the polymerase can also be caused by the chromatin structure or by hybridization of the nascent 
transcript to its DNA template30,32–34. Then, CPSF73, one of the components of the CPSF, cleaves the 
pre-mRNA and additional cleavage factors are recruited for the release of the transcript from the 
polymerase. The poly-A polymerase (PAP) is also recruited to add about 200 adenine nucleotides to the 
3’ end of the cleaved transcript, without the need for a template, forming the poly-A tail. As the poly-A 
tail is created, poly-A-binding proteins associate with it, determining its final size and protecting the 
mRNA from being degraded. Some remain bound to mRNA even after export to the cytoplasm, helping 
to address it to the ribosome30,35. 
Even though the mRNA has already been cleaved and polyadenylated, the RNA Pol II continues 
transcribing a few hundred more bases beyond the CPAS, eventually releasing from the template, the 
final step of transcription termination. There are two models for RNA Pol II transcription termination: 
the allosteric model and the torpedo model (Fig. 1.1). The allosteric model argues that transcription of 
the CPAS leads to polymerase conformational changes, with dissociation of elongation factors and 
association of termination factors. These alterations reduce RNA polymerase's processivity making it 
more prone to dissociate from its DNA substrate. According to the allosteric model, termination occurs 
through the limitation of the elongation efficiency of RNA Pol II, increasing the likelihood that the 
polymerase will dissociate. Previous studies have shown that the protein Pcf11, probably recruited by 
the polyadenylation signal in the nascent transcript, associates with the CTD and causes RNA Pol II to 
dissociate from DNA, proving that the poly(A) signal is sufficient to induce elongation complex 
disassembly independent of transcript cleavage36–38. In the torpedo model, exoribonuclease 2 (XRN2) is 
recruited by the CTD associated with 3’ end processing factors. After the cleavage of the pre-CPAS 
transcript, this enzyme degrades the unprotected 5’ end of the transcript produced by the polymerase 
after the CPAS. The collision of XRN2 with the polymerase leads to its dissociation from the template 
DNA strand, favoring the termination of transcription31,34,39. The arrest of RNA Pol II appears to play 
an important role in transcription termination in mammals, although it is not yet known if this is a general 
requirement. In addition to the association of CPSF with the polymerase, the pause of RNA Pol II is 
favored by the formation of hybrid RNA:DNA structures (R-loops), resulting from the invasion of the 




Figure 1.1 Two models of transcription termination by RNA Pol II. A Allosteric model. This model proposes a conformational 
change in the polymerase after detecting the polyadenylation site, weakening the ternary complex and favoring termination. B 
Torpedo model. In this case, the cleavage of the pre-mRNA forms a 5’ phosphate end, providing an entry to XRN2. The 
exoribonuclease degrades the nascent transcript and, when it reaches polymerase, helps to displace it from the DNA template. 
Adapted from Luo et al. (2004)39. 
1.2 R-loops 
As briefly introduced before, R-loops are nucleic acid structures that are formed by an RNA invading 
and hybridizing to one strand of a dsDNA, resulting in a displaced free single stranded DNA 
(ssDNA)40,41. These structures were first described in vivo by Drolet et al. in 1995 as a consequence of 
transcription in Escherichia coli42. Since then, it has been realized that R-loops can be found in higher 
bacterial, yeast and eukaryotic genomes. They are intermediates in several physiological processes, such 
as the initiation of mitochondrial DNA replication or the recombination of immunoglobulin class 
changes, although they also contribute to DNA damage and genomic instability40,43. 
R-loops distinguish from RNA:DNA hybrids that form transiently within the active center of the RNA 
Pol II by their size (between 100 and 2000 base pairs) and their higher stability40. The most accepted 
model for the formation of R-loops is the “thread-back” model. This model posits that R-loops result 
from dsDNA invasion by an RNA molecule produced by RNA Pol II during transcription, and they are 
not an extension of the transcription bubble43. The “thread-back” model is supported by the 
crystallography-resolved RNA Pol II structure, which shows the output of the transcript RNA molecule 
and the DNA template strand to exit via independent channels44. R-loop formation is favored by several 
factors such as high G content in the non-template sequence, negative supercoiling, and DNA strand 
nicks40,41. In addition, regions with a high GC skew have a high probability of R-loop formation, as there 
is a strong Watson-Crick base pairing between the RNA and the template chain, and the possibility of 
G-quadraplex formation of the displaced ssDNA chain45. The negative supercoiling found behind the 
RNA Pol II during transcription leads to an increased extension of RNA:DNA hybrids, because it 
weakens the dsDNA, leading to the separation of the DNA strands. Thus, both negative supercoiling 
and high G content promote the opening of dsDNA for RNA molecules to invade 41. R-loops are 
thermodynamically more stable than dsDNA because they adopt a conformation between dsDNA (form 
B) and dsRNA (form A), as demonstrated by nuclear magnetic resonance and X-ray diffraction46. 
R-loops can be detected either directly or indirectly. Direct methods include electron microscopy, 
nucleic acid isolation and analysis of RNaseA resistance and RNaseH susceptibility, 
immunoprecipitation (IP) and immunofluorescence using the monoclonal antibody produced by the S9.6 
hybridoma cell line. Indirectly, R-loops can be identified by mutation profiles caused by sodium bisulfite 
deamination or by human activation-induced cytidine deaminase (AICDA) in the misplaced ssDNA40,47. 
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1.2.1 Factors that maintain R-loop homeostasis 
The R-loops are involved in the regulation of cellular processes, as transcription or class switching but 
they may be involved in DNA damage also48. To maintain R-loops homeostasis, cells have evolved 
mechanisms that resolve or prevent their formation. One example is RNaseH enzymes, which 
specifically degrade the RNA moiety, independently of the sequence. There are two types of RNaseH 
enzymes, differing in their structure and specialized roles. RNaseH1 is a single polypeptide in which the 
N-terminal domain (hybrid binding domain) recognizes the RNA and the C-terminal domain contains 
the catalytic site of the enzyme. This enzyme is mainly responsible for degrading co-transcriptional R-
loops. On the contrary, RNaseH2 is a multimeric protein, constituted by 3 subunits, in eukaryotes. 
RNaseH2a is the subunit that cleave the RNA strand of the RNA:DNA hybrid, while RNaseH2b and 
RNaseH2c are non-catalytic subunits, but their exact functions remain unclear41,43. RNaseH2b mediates 
the interactions between the proliferating cell nuclear antigen (PCNA), a protein involved in DNA 
replication and repair, suggesting a role of RNaseH2 in these mechanisms49.  Both types of RNAseH 
can remove RNA primers during replication41. 
Another type of enzymes involved in R-loop resolution are RNA:DNA helicases such as Sen1 (yeast) 
or senataxin (SETX), aquarius (AQR) and DHX9 (human). The function of these enzymes is to unwind 
the RNA:DNA hybrids without destroying the mRNAs, playing a very important role during 
transcription. For example, SETX is responsible for unwinding the R-loops formed downstream of the 
poly(A) site, allowing the degradation of the post-CPAS nascent transcript by XRN2 and consequently 
mediate the efficient release of RNA Pol II, according to the torpedo model41,50. Indeed, it has been 
shown that SETX depletion leads to the accumulation of R-loops in the terminal region of the gene and 
negatively affects transcription termination51.  
Topoisomerases are also involved in controlling the formation of R-loops by reversing negative 
supercoiling of the DNA, however their action depends on the context. Depletion of topoisomerase I for 
instance can also lead to the accumulation of R-loops in long genes with a high transcription rate52.  
Another strategy to control the R-loops formation is to suppress proteins that promote their formation, 
as AtNDX in Arabidopsis53 or Rad51 in eukaryotes. The study of the latter has special relevance because 
it showed that R-loops could also be formed in trans, with RNA molecules invading the dsDNA in a 
genomic region distant from the one where it was transcribed54,55. Trans R-loops formation is favored 
by an AGGAG repeat in the DNA, when it is negatively supercoiled56. Trans-induced R-loops pose a 
greater threat to genomic stability because transcripts from repetitive regions can form R-loops at 
various locations in the genome, promoting DNA damage53. 
Proteins that have no direct action on the formation or depletion of R-loops can also prevent their 
formation indirectly. RNA-binding proteins cover the nascent mRNA and simultaneously prevent it 
from hybridizing with the DNA strand being transcribed. Similarly, factors involved in RNA processing 
and biogenesis may contribute to the prevention of R-loop accumulation and the reduction of genomic 
instability43. 
1.2.2 R-loops in transcription regulation 
R-loops play an important role in regulating some biological processes, such as transcription. Genome 
wide studies have shown the role of R-loops in transcription by identifying regions of R-loop formation. 
These regions correspond often to the promoters and termination regions of various human genes43. 
Transcription Initiation 
In genes transcribed by RNA Pol II, there is evidence for an abundant formation of R-loops in CG-
dinucleotide rich sequences (CpG islands),  the majority present at 5’ end of genes where they function 
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as promoter elements, some containing transcription start sites57–59.  The CpG islands are characterized 
by the frequent absence of DNA methylation, however they can be methylated when associated to 
imprinting and tissue specific gene expression60,61.  For most of the unmethylated CpG islands 
promoters, Ginno et al. (2012) demonstrated that they have a significant GC skew, conferring the ability 
to form R-loops upon transcription. They also suggest that the R-loop formation at CpG islands can 
prevent methylation because methyltransferases are not able to bind them62. R-loops may also promote 
or suppress the binding of transcription factors; yet, it is not clear in which context this happens. Previous 
studies indicated that the binding of transcription factors to R-loops depends on the sequence40.  
Class switch recombination 
The class switch recombination (CSR) for immunoglobulins (Igs) occurs in germinal center B cells, 
after cytokine stimulation, changing the type of Igs produced by B cells, by modification of the constant 
region of the heavy chain63.  Upstream of the constant region of each isotype (except for IgD) there are 
conservative sequences called switch (S) regions, expressed under a promoter inducible by a specific 
cytokine, which dives the production of a lncRNA. This lncRNA promotes the formation of R-loops, 
resulting in non-template ssDNA64. The AICDA deaminates cytosines located in single strand, which 
are converted to uracils65. Then, the enzymes of the base excision repair and mismatch repair pathways 
detect the uracils and create DNA DSB, predominantly resolved by non-homologous end-joining. The 
S regions are not homologous to each other and there is not a consensus sequence at the junctions of 
DNA fragments, so, probably, the CSR is not targeting a specific sequence, but a common structure 
forming at these loci63. 
Transcription Termination 
The termination of mRNA transcription can also be regulated by R-loops51,66. In several genes, its 
terminal region has a high GC skew after the CPAS, which promotes R-loop formation, similar to the 
mechanism that occurs in promoters43. The formation of R-loops facilitates RNA Pol II pausing after 
the CPAS and, consequently, its release. Thus, the presence of R-loops contributes to an efficient 
termination, avoiding read-through. However, to prevent their accumulation, these R-loops must be 
resolved by SETX, and the nascent RNA attached to RNA Pol II degraded by XRN232,43,45. Moreover, 
genome wide studies have shown that G-quadruplex forming sequences are prevalent in 3’ UTR of 
genes, in regions of high gene density, with another nearby gene downstream67,68.  
To reinforce RNA Pol II arrest, R-loops in the terminal region of some genes can trigger antisense 
transcription through the formation of dsRNA, which recruits the RNA interference (RNAi) machinery 
and establishes repressive chromatin marks, notably H3K9me2. It is not yet known in this case how R-
loops relate to the repressive marks of heterochromatin, since genome wide studies associate these 
secondary structures with H3K36me3 and H3K79me2, transcription activation marks40,52. 
1.2.3 R-loops in DNA damage and genomic instability 
As mentioned before, R-loops are important to regulate transcription and related processes, however 
they have also harmful consequences, as DNA damage48,69,70. 
During the R-loop formation, a ssDNA is exposed, which is more prone to DNA damage. This strand is 
more susceptible to the action of AICDA and ApolipoproteinB mRNA editing catalytic polypeptide-
like family enzymes, which convert C to U, making the ssDNA a substrate for the base excision repair 
enzyme uracil DNA glycosylase. Consequently, abasic sites are generated which can lead to base 
substitutions or can result in DSBs, after DNA replication45,71,72. 
In the absence of some RNA processing factors, like AQR and SETX, or inhibition of topoisomerase I, 
R-loops accumulate and are processed into DNA DSB by xeroderma pigmentosum complementation 
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group F and group G proteins. These endonucleases are recruited by transcription-coupled nucleotide 
excision repair (TC-NER) cockayne syndrome group B, upon the stalling of RNA Pol II, which suggests 
that TC-NER factors, responsible for correcting nucleotide errors during transcription, can affect 
negatively genome stability73.  
In addition, R-loops formed during transcription may interfere with DNA replication, originating a 
transcription-replication conflict (TRC) and leading to replication fork blockage and DSBs. However, 
the structural intermediates formed during TRC resolution remain unclear74. 
On the contrary, DNA damage can also lead to the formation of R-loops. For example, if transcription 
encounters a lesion in the DNA, the RNA polymerase is forced to pause, and processing factors 
associated with it are displaced. This facilitates the invasion of the transcript into the dsDNA, forming 
R-loops, which in turn trigger the DNA damage response75. 
1.2.4 R-loops in human diseases 
Due to their ability to create genomic instability, the formation and non-resolution of R-loops is 
associated with some pathological conditions, namely neurodegenerative diseases and cancer. 
Regarding neurological diseases, R-loops form in genes with an abnormal expansion of repetitive DNA 
sequences, originating repeated expansion disorders45. Hexonucleotide repeat expanded in chromosome 
9 open reading frame 72 (C9orf72 HRE), GGGGCC, is associated with a spectrum of neurological 
diseases such as amyotrophic lateral sclerosis and frontotemporal dementia76,77. The properties of 
C9orf72 HRE enable R-loop formation and ssDNA stabilization through G-quadruplexes76. Another 
example is Fridriech's ataxia which results in expansion of unstable GAA repeat in the first intron of the 
FXN gene, promoting the formation of R-loops, leading to RNA Pol II arrest and, consequently, 
decreasing the expression of this gene. Fragile X syndrome and fragile X-associated tremor/ataxia 
syndrome are also associated with the extension of CGG repeat in the 5’ UTR region of the FMR1 gene, 
decreasing its expression. Loss of protein function associated with R-loop resolution is also associated 
with neurodegenerative diseases. In case of mutations in SETX that negatively affect its function, 
neuronal differentiation is affected and ataxia with oculomotor apraxia Type 2 develops43. 
Cancer is a group of several complex diseases that are characterized by loss of tumor suppressor 
function, oncogene signaling, high levels of mutagenesis and DNA damage. As already mentioned, R-
loops cause genomic instability, interfering with essential molecular processes such as replication and 
transcription41.  In a cancer cell, genes with a higher transcription rate are more prone to DNA damage 
through the formation of R-loops and, depending on the genes in which they form, lead to a specific 
mutagenic phenotype. Mutations in cancer susceptibility factors, such as BRCA1 and BRCA2 in breast 
cancer, can also lead to the accumulation of R-loops40. 
1.3 Single-molecule imaging in study of transcription and R-loops 
Structural, biophysical and biochemical methods describe how a set of molecules behave, estimating 
average values for the parameters studied in a population of cells. Most of the techniques used so far to 
study transcription dynamics and R-loop function belong to this group, such ChIP/DIP or native 
elongating transcript sequencing (NET-Seq)78. 
In this project we use single-molecule sensitive live cell imaging, which constitutes a different approach 
to the study of transcription dynamics and the influence of R-loops on it. Single-molecule imaging has 
a very high sensitivity and allows to observe single molecule tracking in live cells. One of the advantages 
of this technique is that the reaction which will be detected does not need to be synchronized, as it 
happens in multiple-molecule measurements. Besides, single-molecule measurements give information 
about the fluctuations and distributions of dynamic and kinetic parameters. Single-molecule analysis 
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also allows to monitor individually each input and output of single events of protein reactions, as the 
binding and dissociation of a ligand. Despite these advantages, this method requires the statistical 
analysis of many events, which is a laborious task79. 
One of the visualization strategies in single-molecule imaging is the use of fluorescent proteins to 
monitor the behavior of the molecule, useful to perform kinetical studies of transcription. The 
fluorescent protein is directly linked, through genetic engineering, to a particular protein, which 
recognizes a specific sequence in a mRNA molecule. The fluorescent protein used should be bright, 
have small fluctuations in signal emission intensity, be small and to not disturb the molecule under 
study80. In this project, a strategy similar to that already used for visualizing pre-mRNA splicing was 
used81. The HEK 293 cells are transfected with a reporter gene, in which there is a cassette coding for 
24 tandem repeat stem-loops recognized by the coat protein of bacteriophage PP7 into exon II and a 
cassette coding for 25 stem-loops recognized by the 22 amino acids of the binding domain of 
bacteriophage λ antiterminator protein N (λN22) after the CPAS. For mRNA molecules to be visualized, 
the cells were also transfected with PP7 protein fused with mCherry fluorescent protein and λN22 protein 
fused with green fluorescent protein (GFP). Thus, when the transcription of the reporter gene is induced 
in live cells, the PP7 and λN22 proteins recognize and bind to the stem-loops transcribed, allowing to 
follow the production and release/degradation of transcripts in real-time. By analyzing the variations of 
fluorescence, it is possible to infer kinetic parameters of the RNA Pol II, like its velocity during 
transcription elongation. 
1.4 Objectives 
The aim of the project is to investigate the effect of R-loop formation on the process of transcription and 
RNA processing. The plan was to provide a kinetic description of the pre-mRNA 3’ end processing and 
transcription termination as well as to determine the effect of R-loops on the dynamics of these processes 
as an important regulatory mechanism. Furthermore, we assessed the influence of R-loop formation on 
the efficiency of splicing, when they localize in the 3’ end of the intron. Finally, we inferred how the 
co-transcriptional processing of pre-mRNAs influences the dynamics of transcription termination. 
To achieve the proposed goals, we used spinning disk confocal microscopy with single-molecule 
sensitivity to detect individual pre-mRNA transcripts of reporter genes equipped with arrays of repetitive 
stem-loop forming sequence elements. Upon transcription, these RNA stem-loops structures are 
recognized and bound by specific proteins derived from bacteriophage RNA binding proteins fused with 
green/red fluorescent proteins, allowing microscopic visualization of individual RNA transcripts. We 
generated reporter gene variants bearing an R-loop forming sequence (RFS) that was identified in the 
beta-actin gene post-CPAS or in the 3’ end region of the intron66 or a non-R-loops forming control 
sequence (NRFS) post-CPAS. These constructs allowed to investigate the effect of R-loop formation on 
the kinetics of pre-mRNA processing and transcription termination. We combined the reporter genes 
with an inducible RNAseH system to test the effect of immediate R-loop degradation on the dynamics 





2.1 Cell culture 
The cells used in this project were Flip-In™ human embryonic kidney (HEK) 293 cell line (Thermo 
Fisher Scientific), which contain in their genome a single integrated Flipase Recombination Target 
(FRT) site. Using the Flip-In system 6 cell lines were generated with different reporter genes. All cell 
lines were grown as monolayers and were maintained in T25 flasks (Thermo Fisher Scientific), in 
Dulbecco's Modified Eagle Medium (DMEM) [Gibco by life technologies] supplemented with 10% 
(v/v) fetal bovine serum (Gibco by life technologies) and 1% (v/v) 200 mM L-glutamine (Gibco by life 
technologies). Cells were kept in a 5% CO2 humidified incubator at 37 ºC. To maintain the selective 
pressure, only allowing cells which carry the reporter gene to grow, Blasticidin 150 μg/ml and 
Hygromycin B 200 μg/ml (Invivogen) were added.  
To perform the live cell experiments as well as RNA and protein extractions mentioned below, the cells 
were seeded and maintained in the same conditions as described but without selection antibiotics, to 
diminish the variability of the experiments. For live cell microscopy experiments, the cells were seeded 
on 35 mm petri dishes with 10 mm glass bottom (MatTek Corporation) and maintained in the same 
conditions but using DMEM without phenol red (Gibco by life technologies), to avoid interference with 
the fluorescence signal. 
2.2 Generation of reporter gene cell lines and transfections 
To generate the cell lines for this study, Flip-In™ HEK 293 cells were transfected with 0.1 µg of 
pcDNA5/FRT/TO expression vector containing the reporter gene as well as the FRT site and 0.9 µg of 
the Flp recombinase expression plasmid, pOG44. The Flp recombinase mediates the insertion of the 
reporter gene into the genome at the integrated FRT site through site-specific DNA recombination. 
Stable cell lines expressing the gene of interest were selected using Hygromycin B. Transcription of the 
reporter genes is driven by the human cytomegalovirus (CMV) promoter and regulated by two copies 
of the Tet operator, a system derived from the tetracycline-resistance operon (TetO). The Flip-In™ HEK 
293 cells express already the Tet repressor, which binds to the Tet operator, inhibiting the expression of 
the reporter gene. So, for the reporter gene to be transcribed, it is necessary to add Doxycycline (Dox), 
which binds to the Tet repressor to prevent its binding to the TetO82.  
The reporter genes are derived from mouse IgM gene, exons M1 and M2 and the intron between, but 
the polypyrimidine (PY) tract from adenovirus major late or derived from the C4-M1 exon junction of 
IgM gene, with a degenerated (non-consensus) intron exon junction (PY1wsj). Intron was extended by 
1.7 kbp from fragments derived from the first intron of the mouse RNA Pol II gene before and after the 
MS2 binding sites 81. Also, the reporter gene encodes a cyan fluorescent protein (CFP) with peroxisomal 
targeting signal in exon II. In all the reporter genes, there are a cassette of 24 tandem repeated PP7 stem-
loops in exon II, a cassette of 25 tandem repeated BoxB stem-loops after the CPAS and 24 tandem repeat 
MS2 stem-loops in the intron (Fig. 2.1). The stem-loops are specifically bound by the coat protein of 
bacteriophage PP7, the λN22 protein and the MS2 bacteriophage coat protein, respectively. Only in the 
cell line used for the calibration of λN22-3xGFP signal labeled transcripts, the reporter gene had the 
25xBoxB stem-loops in exon II (Annex 1). A fluorescent protein was fused in-frame with the C-terminus 
of each binding protein, mCherry9ikkkk with MS2 protein and GFP with λN22 protein, so that the 
transcription before and after the CPAS could be detected by microscopy 83. Each fused protein contains 
also a nuclear localization signal that confines them to the nucleus. Thus, when the transcription of the 
reporter gene is not induced, diffused fluorescence is detected in the nucleus. Upon induction of the 
transcription with Dox, a fluorescent dot is detected, corresponding to the transcription site (TS). 
10 
 
Plasmids were transfected according to the supplier’s protocol with Lipofectamine 3000 reagent 
(Invitrogen). Expression of the reporter genes was induced with 0.01 up to around 0.08 μg/ml of Dox 
(Sigma, St Louis, MI). The RNaseH1 used is bacterial and coupled to the ligand binding and nuclear 
translocation domains of a glucocorticoid receptor (GR) and to near-infrared fluorescent protein (iRFP) 
[RNaseH1-GR-iRFP]. When the GR is not associated to any ligand, the construct is cytoplasmatic and 
the GR is sequestered in a multimeric chaperone complex. Upon ligand binding, the GR dissociates 
from the chaperone complex and the construct migrates into the nucleus, where RNaseH degrades the 
R-loops. Thus, it is possible to control its migration to the nucleus by adding 10-7 mM triamcinolone 
acetonide (TA), which binds to the receptor. 
 
Figure 2.1 Scheme of the reporter genes construction. The lengths of each region are in base pairs (bp). The MS2 stem-loops 
(SL), PP7 stem-loops (SL) and BoxB stem-loops (SL) are inserted in the intron, exon II and post-CPAS, respectively. The 
reporter gene also encodes a cyan fluorescent protein with peroxisomal targeting signal (CFP-PTS) in exon II. 
2.3 Live cell spinning-disk confocal imaging and image analysis 
Live cell imaging experiments were performed on a 3i Marianas SDC spinning disk confocal imaging 
system (Intelligent Imaging Innovations, Inc.), using a similar microscopy setup previously described84. 
The system is based on an Axio Observer Z1 inverted microscope (Carl Zeiss MicroImaging, Inc.) 
equipped with a Yokogawa CSU-X1 spinning-disk confocal head (Yokogawa 30 Electric, Tokyo, 
Japan) and 100 mW solid state lasers (Coherent, Inc.; Santa Clara, CA) coupled to an acoustic-optical 
tunable filter. The axial position of the sample is controlled with a piezo-driven stage (Applied Scientific 
Instrumentation, Eugene, OR). Each MatTek dish was placed in an incubation chamber (Pecon P-Set 
2000; Pecon GmbH, Erbach, Germany) mounted on the microscope stage and connected to CO2 (Pecon, 
CO2 module S) and humidity (Pecon, Heating Device Humidity 2000) controllers. The whole 
microscope body except lasers, camera and spinning disk head are maintained inside a large plexi glass 
environmental chamber (Pecon, Erbach, Germany). The temperature in both the microscope and top 
stage incubation chambers is controlled by a common unit and set to 37ºC. The environment inside the 
top stage incubation chamber is further set to 5% CO2 and 100% humidity. Samples were illuminated 
with λ = 488 nm for GFP, λ = 561 nm for mCherry and λ = 640 nm for iRFP. Images were acquired 
using a 100x 10 (Plan-Apo, 1.4 NA) oil immersion objectives (Carl Zeiss, Inc.) under control of 
Slidebook 6.0 software (Intelligent Imaging Innovations, Denver, CO). Three-dimensional (3D) time-
lapse image stacks of 8 optical slices separated by 0.32 μm were collected every 4 s for 5 min, with 
exposure acquisition times of 50 ms. Digital images (16-bit) were acquired using a back thinned air-
cooled electron-multiplying charge-coupled device (EMCCD) camera 15 (Evolve 512, Photometrics, 
Tucson, AZ). To detect the transcription of individual RNA, 0.01-0.08 μg/ml Dox was added, and cells 
were incubated during 1 h at 37 ºC, 5% CO2. For calibration experiments, the transcription was induced 
with 3 μg/ml Dox to increase the rate of RNA Pol II initiation/elongation from the promoter, thus, more 
transcripts are synthetized and can be detected disperse in the nucleus. The cells were incubated in the 
same conditions. 
For the analysis of 3D time-lapse sequence, a software for spot tracking and quantification was used, 
STaQTool85. This software was developed to automatically track the TS in the cell nucleus over time 
and measure its total fluorescence intensity (TFI) by Gaussian fitting at the Z plane corresponding to the 
highest intensity value. Then is generated a plot of TFI over time, representing the formation of 
transcripts from the reporter gene. The coordinates and TFI values are saved in an Excel file. To know 
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which TFI values correspond to a cycle of transcription of the stem-loops calibration experiments were 
performed (Annex 1). In these experiments, once the amount of Dox added was much higher (3 μg/ml), 
the rate of transcription of the reporter gene was higher too, so that it was possible to detect multiple 
released labeled transcripts in the nucleus. The cells were imaged under a spinning disk microscope in 
2D, every 0.5 sec for 120 timepoints. We plot a histogram of the TFIs measured for 549-553 of these 
transcripts, then fit a Gaussian over the histogram and determine the peak Xc value of the Gauss curve. 
The TFI values on the X-axis corresponding to the Xc value is the mean TFI of labeled transcripts and 
this is the value we take for calibration. Then, all the TFI values measured in the live cell 3D time series 
were converted to number of transcripts. The TFI values which correspond to a cycle of transcription of 
the stem-loops were selected and plot against time. To calculate RNA Pol II speed, we measure the time 
that the TFI takes to increase between background levels of fluorescence (beginning of the transcription 
of stem-loops sequence) and a plateau, which corresponds to the transcription of a complete array of 
stem-loops. Knowing the length of this sequence (in nucleotides) and the time it takes to be transcribed, 
it is possible to calculate the speed of RNA Pol II in that region of the reporter gene. The time between 
the beginning of the transcription of stem-loops sequence and the cleavage, when the fluorescence signal 
decreases, was also measured. This was calculated for the PP7 stem-loop sequence and Box B, when its 
signal was detected (Annex 2). To compare the time measured for the transcription of the PP7 stem-
loops between the reporter genes IgM-1.7k-PY, IgM-1.7k-PYpA-baRFS and IgM-1.7k-PYpA-NRFS 
we used a paired t-test. 
2.4 RNA extraction and qPCR 
To quantify the ratios of spliced and unspliced transcripts produced from the reporter genes, total RNA 
isolation was performed using TRIzol reagent (Life Technologies), according to manufacturer’s 
protocol. The transcription of the reporter genes was induced with 5 μg/ml of Dox and cells were 
incubated for 2h, at 37 ºC, 5% CO2.The synthesis of cDNA was performed using cDNA synthesis kit 
(NZYTech), with oligo-dT and random primers. 
The cDNA was then used as a template in qPCR reactions, at a 1:15 dilution. The qPCR was performed 
in ViiA Real Time PCR machine (Applied Biosystems, CA, USA), using Power SYBR Green Master 
Mix (Applied Biosystems, CA, USA). The relative RNA expression we estimated as 2(Ct reference – Ct sample), 
where Ct reference and Ct sample are mean threshold cycles of RT-qPCRs done in duplicate of the 
PCNA housekeeping gene and the gene of interest (sample). We also calculated the percent spliced in 
(PSI), which indicates the efficiency of splicing a specific exon into the transcript population of a gene86. 
All primer sequences are presented in Annex 3.    
2.5 RNA interference 
To knockdown XRN2, by RNAi, a short hairpin RNA (shRNA) was used. HEK 293 cells harboring the 
IgM-1.7k-PY reporter gene were seeded on T25 flasks and transfected with of 3 µg of plasmid pSUPER-
puro-shXrn2 (OligoEngine). As controls, three T25 flasks were prepared with the same cell line: two 
not transfected and one transfected with the empty vector. The shRNA transfected cells and controls 
were selected with 0.5 µg/ml of puromycin for 48h. Then, cells were split into 35 mm petri dishes for 
microscopy experiments and a six well plate (Thermo Fisher Scientific) for western blot. 
2.6 Western blot 
Western blot was performed to confirm the knock-down of XRN2 by RNAi in HEK 293 cells harboring 
the IgM-1.7k-PY reporter gene. Whole cell protein extracts were prepared by cell lysis with sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer (80 mM Tris-HCL pH 6.8, 16% 
glycerol, 4.5% SDS, 450 mM DTT, 0.01% bromophenol blue) with 200 U/ml benzonase (Sigma) and 
50 μM MgCl2 and boiling for 5 min. Equal amounts of protein extracts were resolved by SDS-PAGE 
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and transferred to a nitrocellulose membrane. Through dry transfer, with an iBlot System (Invitrogen). 
The primary antibodies used were anti-XRN2 (1:5000, Bethyl Laboratories). Alpha tubulin was used as 
a loading control. The horseradish peroxidase (HRP) –coupled secondary antibody used were goat anti-
Mouse-HRP conjugate (1:5000, Biorad) and goat anti-Rabbit-HRP conjugate (1:5000, Biorad). Protein 
detection was achieved using enhanced chemiluminescence substrates, either less sensitive (GE 
Healthcare Life Sciences) or more sensitive (Thermo Fisher Scientific) depending on the abundancy of 




The RNA Pol II is an essential enzyme responsible for transcribing the genetic information encoded in 
DNA into RNA, with high efficiency, in eukaryotic cells. During transcription, the kinetics of RNA 
polymerase is affected by the characteristics of the sequence, epigenetic modifications and association 
with transcription factors87. R-loops are structures that influence transcription, however, how they affect 
transcription dynamics and RNA Pol II kinetics is not well understood. With single-molecule sensitive 
imaging of individual transcripts, over time in 3D, it is possible to determine with high temporal 
resolution several kinetic parameters, such as the RNA residence time, the RNA lifetime and the 
transcription rate of RNA Pol II. Single molecule sensitive imaging data are complementary to data 
obtained with biochemical methods, which demonstrate where are they formed and what are their 
characteristics51,67,68.  
To analyze the kinetic behavior of RNA Pol II in transcription termination, a reporter gene was 
engineered, named IgM-1.7k-PY (Fig. 3.1A), which was integrated into a HEK 293 cell line via the Flp 
recombinase system. Expression of this reporter gene is controlled by a CMV promoter and a Tet-on 
system82, using a concentration of Dox between 0.01-0.08 µg/ml. For the microscopic visualization of 
transcription in live cells we used MS2 like RNA stem-loop systems. These systems are composed of 
tandem arrays of up to 25 small RNA stem-loop sequences. Each stem-loop is bound by a specific 
protein which can be tagged with a fluorescent protein. The reporter genes used in this study are 
composed of two exons separated by an intron from the mouse IgM gene. Into the intron there are 24 
tandem repeat MS2 stem-loops which are recognized by the MS2 bacteriophage coat protein. Exon two 
encodes 24 PP7 tandem repeat stem-loops bound by the coat protein of bacteriophage PP7. After the 
CPAS, 25 BoxB tandem repeated stem-loops were inserted, which are bound by the λN22 protein. Upon 
induction of the transcription with Dox, the specific proteins bind to the stem-loops present in the 
transcript and a fluorescent dot is detected, corresponding to the TS. 
3.1 Determining RNA polymerase II dynamics in transcription termination on a reporter 
gene 
First, the transcription speed of RNA Pol II at the different stem-loop arrays in the reporter gene was 
determined. As briefly described before, the reporter gene contains PP7 stem-loops in exon II and Box 
B stem-loops downstream the CPAS. We transfected the cell line HEK 293 with mCherry-PP7 and λN22-
GFP expression plasmids to fluorescently label the PP7 and BoxB stem-loops. The cells were imaged 
under a spinning disk microscope over time in 3D. A z-stack of 8 slices was acquired every 4 sec for 75 
timepoints. As shown in the Annex 2, the fluorescence signal corresponds to the diffuse unbound 
fluorescently tagged mCherry-PP7 and λN22-GFP proteins which accumulate in the nucleus because of 
the presence of a nuclear localization sequence. The intense fluorescent dotlike signal for the mCherry-
PP7 protein is the TS. The TS position is stable over time, and just the intensity fluctuates, indicating 
de-novo transcription and finished mRNAs leaving the TS. During imaging, it was seen an increase in 
the fluorescence signal at the TS that corresponds to the binding of mCherry-PP7 or λN22-GFP proteins 
to the target sequence on nascent single RNA transcripts, as soon as they emerged from RNA Pol II. 
Then, the fluorescence signal stabilizes, when the stem-loops sequences are completely transcribed, and 
decreases to the background levels of fluorescence, corresponding to the release/cleavage of the RNA. 
Using the software STaQTool (version 1.1, 2016)85, the 3D position of the TS is determined for each 
timepoint, the fluorescence dotlike signal is fitted in 3D with a Gaussian function, according to its size, 
and the TFI is automatically calculated. Next, the software plots the TFI against the timepoints, 
constructing a graph which shows the fluorescence fluctuations. These cycles correspond to the increase 
of the fluorescence signal from the background level, stabilization and decrease again to the background 
level of fluorescence, reflecting what is observed by microscopy.  
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To determine if this variation in fluorescence intensity corresponds only to the synthesis of a single 
transcript, calibration experiments were performed (Annex 1). They consist in transfecting the HEK 293 
cells only with mCherry-PP7 or λN22-GFP and induce the transcription with a higher concentration of 
Dox (3 μg/ml). Since, the BoxB stem-loops after the CPAS are not always transcribed, and it was not 
detected the release of transcripts in the nucleoplasm, as we show later, a reporter gene with the BoxB 
stem-loops sequence inserted in the exon II was used for calibration of the λN22-GFP signal. By live cell 
microscopy, we acquired only one 2D image every 0.5 s for 1 min. Several free transcripts are visualized 
in the cell nucleus, identified by a fluorescence dotlike signal that is not positionally stable over time. 
STaQTool detects each transcript in each timelapse and calculates its TFI. The Gaussian fit analysis of 
all the TFI values measured for one type of RNA label, allows us to determine the average TFI value 
for a single transcript labeled by mCherry-PP7 or λN22-GFP. Using the mean TFI value, the TFI values 
obtained for the transcription cycles in 3D timeseries can be converted to number of transcripts. For the 
calculation of RNA Pol II speed, it is necessary to measure the elapsed time since the beginning of the 
increase of the fluorescence signal until the plateau for each transcription cycle, corresponding to the 
time that RNA Pol II takes to transcribe the stem-loops sequence.  
After inducing the transcription of the reporter gene represented in Fig. 3A, by live cell microscopy, we 
observed only the mCherry-PP7 signal at the TS, and no λN22-GFP signal (Fig. 3.1B and C). This means 
that RNA Pol II is producing only a pre-CPAS transcript, or, if a transcript is being synthetized after the 
CPAS, it is immediately degraded. Assuming the torpedo model, immediate XRN2 degradation of post-
CPAS transcripts makes it impossible for the λN22-GFP to bind to the stem-loops present. As explained 
above, the images were processed in the STaQTool software, to determine the position and the TFI of 
the TS fluorescence signal over time and, the cycles of fluorescence intensity variation corresponding 
to the synthesis of a single transcript were selected (n=22). On average, the time measured for the 
increase of the fluorescence intensity between the background levels and a plateau, that is the time for 
the transcription of PP7 stem-loops sequence, was 17 ± 6 s. We also measured the time between the 
beginning of the transcription of the PP7 stem-loops and the cleavage (end of the plateau), obtaining 35 
± 10 s. Considering the 1.401 kb length of the 24xPP7 stem-loops, we calculated a transcription rate of 
4.94 kb/min for the RNA Pol II. This result is in very good agreement with previous studies, showing 
that the normal RNA Pol II speed during elongation is between 2.00 and 6.00 kb/min87–89. 
To perform these measurements it is necessary to use low concentrations of Dox (0.01 up to around 0.08 
µg/ml), to achieve a low RNA Pol II firing rate that allows the visualization of one transcript at a time, 
so the begining and the end of transcription of stem-loop sequences can be defined. Concentrations 
higher than 0.08 µg/ml increase the polymerase density in the reporter gene. In this case, transcription 
after the CPAS is detected through the binding of λN22-GFP to the BoxB stem-loops (Fig. 3.1D). This 
indicates that a high polymerase density influences the site and timing of transcription termination, 










Figure 3.1 Transcription termination in IgM-1.7k-PY reporter gene. A Scheme of the IgM-1.7k-PY reporter gene under control 
of a CMV promoter and two Tet-operator sequences. Binding sites for mCherry-PP7 (PP7 SL) and λN22-GFP (BoxB SL) were 
inserted in the exon II and after CPAS, respectively. Bindings sites for MS2 (MS2 SL) were inserted in the intron. The 
interaction of fluorescently tagged RNA stem-loop binding proteins with the respective stem-loops allows the visualization of 
the RNAs. B Representative image of a HEK 293 cell expressing transcripts tagged with PP7-binding sites in the exon II but 
not with λN22 binding sites. The nucleus (N) is delimited with a dashed line and the TS of the reporter gene is indicated in each 
cell with an arrowhead. Corresponding images depicting the diffraction limited objects in the highest intensity plane are shown 
below. C The number (n) of transcripts was plotted over time (s) in line graphs. This line plot depicts a complete cycle of 
fluorescence gain and loss present in a time-lapse series. The time of transcription (TT) and the time until cleavage (TC) are 
also indicated in the graph. D Line plots of number (n) of transcripts against time (s), comparing the synthesis of more than 
one transcript simultaneously (left) and the synthesis of a single transcript (right). 
3.2 RNaseH decrease the efficiency of transcription termination 
After measuring the RNA Pol II speed and detecting that, in an immediate transcription termination for 
our reporter gene, only the PP7 labelling sequence is transcribed, based in previous studies, we decided 
to investigate if there was a possibility of R-loop formation after CPAS of our reporter gene and what 
would be the effect of its removal. Skourti-Stathaki et al. (2011) showed, through ChIP, that RNA Pol 
II accumulates near the CPAS. They also observed, after knocking down SETX (RNA:DNA helicase 
involved in R-loop resolution) an additional increase in polymerases at this site. Using the S9.6 antibody, 
which recognizes RNA:DNA hybrids, the R-loop formation near the CPAS of the -actin gene was 
detected. These data led them to conclude that the R-loop formation in the transcriptional pause regions 
is essential to pause RNA Pol II downstream the CPAS prior to termination, in the -actin gene 51. 
Therefore, we analyzed bovine growth hormone (BGH) CPAS sequence90, present in our reporter gene, 
for its G content and GC skew. The 107 bp sequence has a positive GC skew of 0.475, representing the 
richness of G over C in the coding strand91, and a GC content, percentage of C and G in a strand, of 
57%, meaning that the sequence from the BGH CPAS is prone to R-loop formation (Fig. 3.2A). 
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Considering the characteristics of this sequence, we hypothesized that R-loops form in this region and 
contribute to the efficiency of RNA Pol II transcription termination. To test this, we reasoned that 
RNaseH transfection would degrade the R-loops formed in this region, thus resulting in RNA Pol II not 
stopping after transcribing the CPAS and in non-immediate transcription termination. This could be 
verified by detecting a readthrough, transcribing the BoxB stem-loops sequence. To test this hypothesis, 
we used the RNaseH1-GR-iRFP. The GR, in the absence of any ligand, resides in the cytoplasm where 
it is sequestered in a multimeric chaperone complex. The GR is dissociated from the chaperone complex, 
upon ligand binding, and migrates into the nucleus, where it interacts with specific DNA sequences in 
the regulatory regions of target genes and modulates their expression92. Thus, when we add TA, 
a synthetic corticosteroid, it binds to the GR binding domain of the RNaseH1-GR-iRFP construct, 
promoting the migration of the construct to the nucleus. The iRFP enables the visualization of the 
construct migration to the nucleus, which ensures that the experience ran successfully (Fig. 3.2B).  
We repeated the experiment described above, transfecting the cells with the mCherry-PP7, λN22-GFP 
and RNaseH1-GR-iRFP encoding plasmids. After inducing the expression of the reporter gene and 
adding TA, both signals of mCherry-PP7 and λN22-GFP were observed at the TS in 27% of the single 
transcription events detected (n=22) [Fig. 3.2C-F]. This contrasts with the result detected before where 
all cells showed only the TS labeled with mCherry-PP7. These data indicate that, in the presence of 
RNaseH1, the transcription termination is not completely immediate, as verified by the detection of the 
transcription of BoxB stem-loops by λN22-GFP. In addition, the time needed for RNA Pol II to transcribe 
the PP7 and BoxB stem-loops and the time until the cleavage of the transcripts were measured. When 
only PP7-binding sites are transcribed in cells transfected with RNaseH1-GR-iRFP, RNA Pol II takes 
20 ± 6 s to transcribe PP7 stem-loops, at a transcription rate of 4.23 kbp/min, similar to the result 
obtained previously. The pre-CPAS transcript is cleaved after 38 ± 11 s after RNA Pol II started 
transcribing the PP7 stem-loops. However, when BoxB stem-loops are transcribed in cells 
overexpressing RNaseH1, RNA Pol II takes 12 ± 6 s to transcribe PP7 loops, corresponding to a 
transcription rate of 6.82 kbp/min. Thus, in 27% of the cells overexpressing RNaseH1, a higher RNA 
Pol II speed during transcription of PP7 stem-loops leads also to the transcription of the BoxB stem-
loops. In this situation, the cleavage of the pre-CPAS transcript happens 36 ± 4 s after the beginning of 
the transcription of PP7 stem-loops and the BoxB stem-loops (0.999 kbp) are transcribed in 10 ± 6 s, at 
a transcription rate of 5.83 kbp/min.   
The alteration of RNA Pol II speed in the PP7 stem-loop sequence in 27% of cells transfected with 
RNaseH1-GR-iRFP suggests that RNaseH1 acted on the R-loops formed before the PP7 stem-loops. In 
fact, despite high GC content and GC skew contribute to R-loop formation, these are not obligatory 
factors. Therefore, since R-loops may lead to the slowdown of RNA Pol II93 and if the action of 
RNaseH1 has an effect on its speed during PP7 stem-loops transcription, then, it may act on R-loops 
formed upstream of this sequence.  
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Figure 3.2 Influence of RNAseH1 on the reporter gene transcription. A Sequence around the CPAS from the BGH gene. The 
CPAS is highlighted in yellow and the sequence between the CPAS and the BoxB stem-loops is highlighted in green. The 
poly(A) signal is in bold. B Microscopy images showing the migration of RNaseH1-GR-iRFP to the nucleus, 0 min, 2 min and 
8 min after TA treatment, detected by the migration of the iRFP fluorescence signal from the cytoplasm to the nucleus. The 
nucleus (N) is delimited by a dashed line. C and D Representative images of HEK 293 cells transcribing the IgM-1.7k-PY 
reporter gene under RNaseH1overexpression. The nucleus (N) is delimited with a dashed line and the TS of the reporter gene 
is indicated in each cell with an arrowhead. Corresponding images depicting the diffraction limited objects in the highest 
intensity plane of acquired z-stacks are shown in the insets. C In 73% of the cases, the TS is only labeled by mCherry-PP7 
exon label.  D The TS is labeled with both mCherry-PP7exon and λN22-GFP post-CPAS labels and represents the 27% of cases 
where both labels were detected. E and F Representative single transcript fluorescent intensity graphs in cells expressing the 
IgM-1.7k-PY reporter gene with RNaseH overexpression. The calibrated number of transcripts (n) was plotted over time (s). 
E A cycle of a transcription representing 73% of the cases with the TS labeled only with mCherry-PP7. F A cycle of a transcript 
representing the 27% of cells with the TS labeled with mCherry-PP7 and λN22-GFP.  
3.3 Formation of R-loops post-CPAS does not affect transcription termination 
The BGH-post-CPAS sequence has never been directly shown to form R-loops, therefore we sought to 
introduce a sequence element from the β-actin gene that has been shown to induce R-loop formation, 
downstream the CPAS94 (Fig. 3.3A). Following this, we used the same live cell imaging setup and tested 
if transcription termination is similarly efficient in the new reporter gene, IgM-1.7k-PYpA-baRFS. We 
observed the transcription of the sequence upstream the CPAS, labeled with mCherry-PP7 in all the 
cells imaged (n=22) but we did not detect a fluorescent signal for the labeling of the post-CPAS RNA 
(Fig. 3.3B and C). So, the transcription termination seemed to be immediate and the results obtained are 
similar to the ones for the IgM-1.7k-PY, with the BGH-CPAS site. Kinetic parameters were also 
determined, as already described. The average time measured for the transcription of the PP7 stem-loops 
in the IgM-1.7k-PY-RFS-postCPAS is 14 ± 6 s  with a transcription rate of 6.04 kbp/min, identical to 
the value calculated when the transcription termination is immediate. So, when an RFS is inserted after 
the CPAS, the transcription is immediate. The cleavage is also efficient because it happens 33 ± 9 s after 






                  - polyA signal and cleavage site 
                  - region of probable R-loop formation 
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We also found a similar behavior for IgM-1.7k-PY and IgM-1.7k-PYpA-baRFS, when their expression 
was induced with a Dox concentration of 0.08 µg/ml. Here again, transcription after the CPAS in the 
new reporter gene was detected through the binding of BoxB stem-loops by λN22-GFP (Fig. 3.3D), 
showing a readthrough of RNA Pol II post the CPAS sequence probably due to an increase in the 
polymerase density at the 3’ end of the reporter gene. This result also indicates a functional similarity 
between CPAS region of the β-actin gene and the BGH-pA region, given similar behavior in the 
presence of higher concentrations of Dox.  
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Figure 3.3 Effect of R-loop formation downstream the CPAS on transcription termination. A Representation of the IgM 
reporter gene IgM-1.7k-PYpA-baRFS. A sequence from the β-actin post-CPAS gene sequence which has been shown to form 
R-loops was inserted between the CPAS and the BoxB stem-loops. B Representative image of a HEK 293 cell, expressing the 
IgM-1.7k-PY-pA-baRFS. Transcripts labeled with mCherry-PP7 in exon II but not with λN22-GFP were detected. The nucleus 
(N) is delimited with a dashed line and the TS of the reporter gene is indicated by an arrowhead. Insets depicting the diffraction 
limited objects in the highest intensity plane of acquired z-stacks. C A fluorescence intensity cycle representing a single 
transcript synthetized from the reporter gene with an RFS downstream the CPAS was plotted over time (s) in a line graph. D 
Comparison between a line plot showing the synthesis of more than one transcript from the reporter gene with a RFS 
downstream the CPAS, after induction of the expression of the reporter gene with a Dox concentration higher than 0.08 µg/ml 
and a line plot for the synthesis of only one transcript. The number (n) of transcripts was plotted over time (s). 
To  further confirm the influence of R-loop formation post-CPAS on RNA Pol II termination, a similar 
reporter gene (IgM-1.7k-PY-pA-NRFS) was engineered, by inserting a NRFS after the CPAS 66 (Fig. 
3.4A). Contrary to our expectations, for single transcripts we only observed the synthesis of transcripts 
pre-CPAS, labeled with mCherry-PP7 (n=22) [Fig. 3.4B and C]. The time for transcription of the PP7 
stem-loops in the reporter gene with a NRFS after the CPAS was measured at 14 ± 6 s and the 
corresponding calculated RNA Pol II speed was 5.85 kbp/min, which is approximate to the calculated 
value for the IgM-1.7k-PY and IgM-1.7k-PYpA-baRFS reporter genes. Considering these results, it 
appears that the presence of R-loops after this CPAS is not determinant for the efficiency of transcription 
termination in this reporter gene. Since the time calculated until the cleavage of the pre-CPAS transcript, 
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after RNA Pol II started transcribing the PP7 stem-loops sequence, was 35 ± 9 s, similar to IgM-1.7k-
PY and IgM-1.7k-PYpA-baRFS reporter genes, the R-loop formation after this CPAS does not influence 
the efficiency of the cleavage in this reporter gene. 
We also observed the effect of higher concentrations of Dox on the transcription of the reporter gene 
with a NRFS after the CPAS. As seen in Fig. 3.4D, with a Dox concentration of 0.08 µg/ml, the RNA 
Pol II transcribes the PP7 stem-loops, labeled with mCherry-PP7, and the BoxB stem-loops, labeled 
with λN22-GFP, indicating readthrough of the polymerase. Once again, this result indicates that a high 
polymerase density influences the site and timing of transcription termination, leading to a delay in RNA 
polymerase release from the template and transcription of the sequence for BoxB stem-loops. 
Comparing the results obtained for the three reporter genes, when their expression is induced with a Dox 
concentration higher than 0.08 µg/ml, we detect the synthesis of a transcript post-CPAS in all cases. 
This result shows that independently of the R-loop formation after the CPAS, there is a delay in RNA 
Pol II release from the template and transcription of the sequence for BoxB stem-loops, due to a high 
polymerase density. The R-loop formation after the CPAS does not prevent polymerase readthrough 
when gene expression is high and cannot rescue immediate termination at the CPAS. 
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Figure 3.4 Transcription termination in the absence of R-loops downstream the CPAS. A Representation of the IgM-1.7k-PY-
pA-NRFS reporter gene. A sequence that has been shown to not promote R-loop formation was inserted between the CPAS 
and the BoxB stem-loops. B Representative image of a HEK 293 cell, expressing the reporter gene IgM-1.7k-PY-pA-NRFS. 
Detection of transcripts tagged by the PP7 system in the exon II but no λN22-GFP labeling post-CPAS. The nucleus (N) is 
delimited with a dashed line and the TS of the reporter gene is indicated in each cell with an arrowhead. Corresponding insets 
depicting the diffraction limited objects in the highest intensity plane of acquired z-stacks are shown below. C The number (n) 
of transcripts synthetized from the reporter gene with a NRFS downstream the CPAS was plotted over time (s) in line graphs, 
representing single transcript fluorescence intensity cycle over time graph. D Line plot of number (n) of transcripts against time 
(s). The one on the left shows the synthesis of more than one transcript from the reporter gene with a NRFS downstream the 
CPAS, after induction of the expression of the reporter gene with a Dox concentration higher than 0.08 µg/ml. The line plot on 
the right shows the synthesis of a single transcript, after induction of the expression of the reporter gene with a Dox 
concentration of 0.01 – 0.08 µg/ml. 
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3.4 Single-molecule sensitivity imaging of impaired transcription termination supports 
torpedo model 
In the research field of transcription dynamics, there is still an ongoing debate about the exact 
mechanism of termination. It has mainly two opposing models, the allosteric model and the torpedo 
model. The allosteric model defends that, after transcribing the poly(A) signal, RNA Pol II undergoes a 
conformational change into a non-processive form and releases from the DNA template. On the other 
hand, the torpedo model postulates that an exoribonuclease degrades the transcript synthesized after the 
CPAS and displace the RNA Pol II from the DNA template when encounters it39. After determining the 
dynamics of RNA Pol II speeds and readthrough, we were interested to know if the measured 
transcription termination kinetics of the reporter genes could be explained by either model. To test if the 
torpedo model was able to explain our data, we reasoned that we should detect more readthrough after 
knocking down XRN2, the exoribonuclease responsible for degradation of post-CPAS transcripts and 
RNA Pol II termination. 
To prove that XRN2 is involved in the termination of transcription of our reporter gene, this protein was 
knocked down by RNAi using a shRNA targeting XRN2. The knock-down efficiency was confirmed 
by western blot (Fig. 3.5A) and its effect on transcription termination was assessed by live cell imaging, 
using the previous system and settings and inducing the expression of the reporter gene with a Dox 
concentration of 0.01 – 0.08 µg/ml. After the knock-down of XRN2, the synthesis of single transcripts 
with labeling of exon II by mCherry-PP7 was observed in all the cells imaged (n=6), and the 
transcription of the region post-CPAS labeled with λN22-GFP was detected in 33% of the cells imaged 
(Fig. 3.5B). Despite the low number of cells observed, this result shows that, in the absence of XRN2, 
there is an impairment in immediate CPAS transcription termination, leading RNA Pol II to transcribe 
after the CPAS. This set of data supports the torpedo model, since, according to this model, XRN2 
degrades the post-CPAS transcript at the TS, when it is still connected to the template DNA via the RNA 
Pol II and, when XRN2 collides with the RNA Pol II, it is released from the DNA. We observed RNA 
Pol II transcribing the BoxB stem-loops after XRN2 knock-down, meaning that RNA Pol II is not 
released but readily transcribes if not forced by XRN2 to terminate just at the CPAS. This indicates that 
normally XRN2 degrades the uncapped nascent post-CPAS transcript very fast, before it can be detected 
with our system, and leads to a fast termination, when RNA Pol II density is low. In untreated cells the 
post-CPAS transcripts are not detected to be released in our system, only the mRNA. In an XRN2 knock-
down, the mRNA release and the post-CPAS-RNA degradation and termination can be uncoupled. A 
similar uncoupling can be seen when RNA Pol II density is high at the reporter gene. However, to 
confirm these results, experimental adjustments and additional measurements are required in the future, 
because we have a low n=6 and  the knock-down leads to an higher mortality among the cells, since 
XRN2 is essential for cells.  
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Figure 3.5  XRN2 knock-down supports the torpedo model for transcription termination. A Western blot confirming the knock-
down of XRN2, using an RNAi technique. The positions of molecular weight (MW) markers are indicated on the left in kDa. 
The molecular weight of the XRN2 is 108.6 kDa and α-tubulin (49.9 kDa) was used as a loading.  From left to right, in the first 
condition HEK 293 were transfected with shRNA targeting XRN2 and selected with 0.5 µg/ml Puromycin (Puro), next HEK 
293 were only selected with 0.5 µg/ml Puro and, in the last condition, cells were neither transfected with shRNA targeting 
XRN2 or selected with Puro. B Representative image of 2 HEK 293 cells transcribing the IgM-1.7k-PY reporter gene after 
XRN2 knock-down. In the upper microscopy images, the TS is only labeled with m-Cherry-PP7 protein, as in 67% of the cases. 
In the bottom microscopy images, the TS is labeled with both mCherry-PP7 and λN22-GFP proteins, representing 33% of the 
cells measured. The nucleus (N) is delimited with a dashed line and the TS with an arrowhead. Corresponding insets depicting 
the diffraction limited objects in the highest intensity plane of acquired z-stacks are shown below. 
3.5 Splicing affects transcription termination 
Previous research has already established that the pre-mRNA processing, specifically splicing, 
influences the cleavage/polyadenylation and termination of transcription, e.g. failure in splicing the last 
intron leads to failure in 3’ end processing95,96. Therefore, we wanted to determine additional kinetic 
differences in the cleavage /termination process in our reporter genes when introducing mutations that 
impair splicing. For splicing to occur, a donor site at the 5’ end of the intron, a branch site near the 3’ 
end of the intron and an acceptor site at the 3’ end of the intron are required. Most commonly, the splice 
donor site includes the dinucleotide GU at the 5’ of the intron, within a less conserved region. The splice 
acceptor initiates the exon with the dinucleotide AG97,98. Of additional importance are the first 
nucleotides of the following exon with a G/AT consensus sequence. Upstream, there is a sequence rich 
in pyrimidines, called polypyrimidine (PY) tract, which is recognized by the spliceosome component 
U2AF and the polypyrimidine tract binding protein, promoting spliceosome assembly99. The strength of 
the PY tract, i.e.,  the efficient recognition of this site, depends on its constitution of pyrimidines, mainly 
uracils (in the RNA molecule), and the higher the pyrimidine percentage, the stronger the splice site.  
To evaluate the impact of splice site strength on transcription termination efficiency, a reporter gene 
was constructed identical to the IgM-1.7k-PY reporter gene, although with a weak splice site in the 3’ 
of the intron (IgM-1.7k-PYwsj). In Fig. 3.6A, are illustrated the strong PY tract from the IgM-1.7k-PY 
and a weaker PY tract from intron between exons C4 and M1 + 7 nt of M1 exon of IgM heavy chain 
constant region gene. As it has been shown that retention of introns leads to an impairment in 
cleavage/polyadenylation process and degradation of the unprocessed transcripts, we asked if we could 
detect changes in transcription readthrough and a possible slowing down or pausing of RNA Pol II when 
introns are not spliced. Because bulk methods may not detect these dynamic changes, our live cell 
imaging with single transcript detection might be able to do so. To measure the kinetics of 
cleavage/termination on unspliced reporter gene transcripts, we performed live cell microscopy 
22 
 
experiments. The HEK 293 cells with single copies of the reporter gene were transfected with the 
mCherry-PP7 and λN22-GFP-encoding plasmids. Similarly, as before, cells were imaged in 3D over 
time. In this set of experiments, we detected production of transcripts pre-CPAS, labeled with, mCherry-
PP7, and nascent transcripts after the CPAS, labeled with λN22-GFP (Figure 3.6B and C). As seen before, 
the IgM-1.7k-PY reporter gene is efficiently processed. In contrast, the IgM-1.7k-PYwsj reporter shows 
a delay in cleavage of the pre-CPAS transcript. The value obtained was 41 ± 14 s, after RNA Pol II 
started transcribing the PP7 stem-loops, superior to the values obtained for the previous reporter genes, 
indicating that the retention of the intron also leads to an inefficient cleavage of the pre-CPAS transcript. 
Consequently, RNA Pol II is released from the template latter and readthrough is detected. The RNA 
Pol II takes 23 ± 10 s to transcribe the PP7 stem-loops, with a rate of 3.71 kbp/min, inferior to the value 
obtained for the transcription of the PP7 stem-loops in the IgM-1.7k-PY  reporter gene. Although the 
polymerase takes the same time to transcribe BoxB stem-loops, they have a shorter length (0.999 kbp), 
so the RNA Pol II speed in that region is 2.34 kbp/min, much slower than for the transcription of PP7 
stem-loops. This result indicates that RNA Pol II slows down when the splicing is not efficient, probably 
because of the unspliced intron, and slows down further in the CPAS region. We conclude that when 
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Figure 3.6 Influence of intron retention on mRNA cleavage and transcription termination. A Scheme of the reporter gene IgM-
1.7k-PYwsj and comparison between the sequences of the strong and the weak PY tracts. The acceptor site at the 3’ end of the 
intron is highlighted in red and the mutations in the weak PY tract are in bold. B Representative image of a HEK 293 cell, 
where the TS is labeled with both mCherry-PP7 and λN22-GFP proteins. The nucleus (N) is delimited with a dashed line and 
the TS of the reporter gene is indicated by an arrowhead. Corresponding insets depicting the diffraction limited objects in the 
highest intensity plane of acquired z-stacks are shown below. C Representative single transcript fluorescence intensity cycle 
over time (s) graph, being n number (n) of transcripts synthetized from the reporter gene IgM-1.7k-PYwsj. D Representative 
image of a HEK 293 cell expressing the reporter gene IgM-1.7k-PYwsj. The introns are labeled with MS2-GFP. The 
arrowheads indicate unspliced transcripts dispersed in the nucleus (N). E, F and G Results of the q-PCR measurements to 
determine the relative amount of spliced and unspliced transcripts. For each condition the ratio of spliced transcripts was 
determined, and the PSI was calculated.  
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We imaged HEK 293 cells with single copies of the IgM-1.7k-PYwsj reporter gene to confirm if we 
could observe unspliced transcripts dispersed in the nucleus, labelling the intron with MS2-GFP. The 
mRNAs including the intron were only found in the nucleus but not in the cytoplasm, where they are 
probably degraded by the nuclear surveillance and degradation machinery100 (Fig. 3.6D). To verify if 
the intron is included when the splice site is weak, we performed a qPCR, using the pairs of primers 
described in Annex 1. As expected, 91% of the transcripts synthetized from the IgM-1.7k-PY reporter 
gene were spliced, while 98% of the transcripts synthetized from the IgM-1.7k-PYwsj reporter gene 
were unspliced (Fig. 3.6E and F). The weak splice site is almost never recognized, leading to the 
inclusion of the intron in most of the mRNAs synthetized from this reporter gene. 
3.6 Intronic R-loops upstream of 3’ splice site rescue splicing and restore transcription 
termination efficiency 
As demonstrated before, both splicing, cleavage and transcription termination are inefficient when there 
is a weak splice signal at the 3’ end of the intron. However, some studies have already shown that the 
speed of polymerase transcription before the splice signal in the 3’ end of the intron has an effect on the 
signal recognition101,102. They demonstrated that a slower transcription favors the inclusion of introns, 
despite the weak splice site. Other studies have indicated that RNA Pol II slows down at the CPAS site, 
due to R-loop formation, even though we were not able to measured that for our reporter gene by live 
cell measurement 45,51. We hypothesized that the R-loop formation before a weak splice site could slow 
down RNA Pol II, providing more time for the spliceosome to recognize even weak 3’ splice sites, 
therefore splicing of this intron could be more efficient. To validate this hypothesis, first we constructed 
the IgM-1.7k-3’intron-baRFS-PY reporter gene, introducing the same RFS from the β-actin gene 91bp 
upstream the weak PY tract (Fig. 3.7A). After generating a stable cell line by Flp-In recombination, we 
extracted the reporter gene (pre-)mRNA to perform a qPCR (n=3), in order to detect the ratio of spliced 
and unspliced transcripts, as described in Annex 3. Analyzing the production of transcripts from the 
reporter gene IgM-1.7k-3’intron-baRFS-PY, we surprisingly found that up to 83% of the transcripts 
were spliced (Fig. 3.6G), which represents a remarkable a rescue of the splicing, compared with the 
values obtained from the reporter gene IgM-1.7k-PYwsj, with 98% of transcripts unspliced. Thus, we 
can conclude that introducing the RFS in the 3’ of the intron changes the splicing pattern of this 
particular reporter gene. We hypothesize that R-loop formation leads to the RNA Pol II slowdown just 
at the 3’ splice site providing more time for the spliceosome to interact with the transcription complex 
and the 3’ splice site to facilitate splicing.  
As demonstrated before, if splicing is not efficient, then RNA Pol II termination is not efficient either. 
Since it was possible to rescue the splicing by inserting an RFS in the 3’ end of the intron, we 
hypothesized that, transcription termination would be rescue too. HEK 293 cells with single copies of 
the reporter gene IgM-1.7k-3’intron-baRFS-PY were imaged (n=22) and, as hypothesized, it was 
detected in 82% of the cases only the signal for the exon II labeled with PP7-mCherry at the TS (Fig. 
3.7B and C). Here, RNA Pol II is again released from the DNA template before transcribing the BoxB 
stem-loops. This result confirms earlier findings, that the transcription 3’ end processing and termination 
are influenced by splicing or non-splicing of the last intron. In this case, the insertion of an RFS before 
the splice site has rescued splicing efficiency and, consequently, restored also partially the termination 
efficiency. We also detected in 18% of cases the synthesis of pre-CPAS and post-CPAS transcripts, the 
former labeled with mCherry-PP7 and the latter with λN22-GFP (Fig. 3.7D and E). The kinetic 
parameters were calculated, as described before. We measured the time between the beginning of the 
transcription of the PP7 stem-loops and the cleavage, obtaining 32 ± 5 s when was detected only the 
synthesis of the pre-CPAS transcript and 37 ± 4 s, when readthrough was detected. This result shows 
that the insertion of an RFS before the splice site has also restored partially the cleavage efficiency. The 
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RNA Pol II takes 15 ± 5 s to transcribe PP7 stem-loops, at 5.58 kbp/min, when only the transcripts 
labeled with mCherry-PP7 are synthetized. However, when BoxB stem-loops are also transcribed, RNA 
Pol II takes 23 ± 2 s, corresponding to a transcription rate of 3.71 kbp/min. In this situation, the BoxB 
stem-loops are transcribed in 5 ± 2 s, at a transcription rate of 11.24 kbp/min. One explanation for this 
could be that the 0.999 kb BoxB sequence is not completely transcribed and the nascent transcript is 
degraded before RNA Pol II transcribes all the stem-loop sequence. Therefore, the value measured 
derived from the time of increase of fluorescence signal would be overestimated. On the other hand, the 
readthrough in the transcription of the reporter gene with R-loops in 3’ end of the intron was detected 
in only 18% of the imaged cells (n = 3), which is a very low number of examples to precisely calculate 
the speed of RNA Pol II after CPAS. 
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Figure 3.7 The role of R-loops in the rescue of splicing, cleavage and termination efficiency.  A Scheme of the reporter gene 
IgM-1.7k-3’intron-baRFS-PY indicating the position of the RFS from β-actin gene introduced just upstream of the 3’ splice 
site.  B and C Representative image of 2 HEK 293 cells transcribing the reporter gene with an RFS in the 3’ end of the intron. 
The nucleus (N) is delimited with a dashed line and the TS of the reporter gene is indicated in each cell with an arrowhead. 
Corresponding insets depicting the diffraction limited objects in the highest intensity plane of acquired z-stacks are shown 
below. B In 82% of the cells imaged, there were detected only transcripts tagged by the PP7 system in the exon II. In C TS is 
labeled with both mCherry-PP7 and λN22-GFP proteins. This cell is representative of the 18% of the cases where both labels 
were detected in the TS. D and E Line plots depicting a complete cycle of fluorescence gain and loss present in a time-lapse 
series. The calibrated number of transcripts (n) was plotted over time (s). D A cycle of a transcription representing 82% of the 
cases with the TS labeled only with mCherry-PP7. E A cycle of a transcript representing the 18% of cells with the TS labeled 
with mCherry-PP7 and λN22-GFP.  
To test if the 25xBoxB stem-loop sequence post-CPAS is transcribed completely or only partially, we 
used another reporter gene for calibration of the signal intensity. In the IgM-1.7k-PY-exonII-BoxB 
reporter gene version, the 25xBoxB sequence was inserted in the exon II 3’ UTR at the same position 
where the 24xPP7 stem-loop sequence was introduced in the other reporter genes (Fig. 3.8). Here, the 
25xBoxB sequence will be completely transcribed after induction of the expression of this new reporter 
gene and the signal intensity measured for single transcripts should represent labeling of the full length 
25xBoxB stem-loop sequence (Annex 1). Comparing the calculated average for the maximum TFI value 
corresponding to the transcription of 25xBoxB sequence, labeled with λN22-GFP, the value obtained for 
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the transcription of IgM-1.7k-3’intron-baRFS-PY reporter gene is between the values obtained for the 
IgM-1.7k-PY-exonII-BoxB and IgM-1.7k-PY reporter genes, under overexpression of RNaseH1, 
suggesting that BoxB stem-loops are completely transcribed for the former case (Table 1). However, 
despite the unrealistic high value for the RNA Pol II speed over the BoxB stem-loops in the IgM-1.7k-
3’intron-baRFS-PY reporter gene, we are not able to conclude if, in these case, the BoxB stem-loops are 
completely transcribed, due to the low number of examples acquired. 
 
Figure 3.8 Scheme of the IgM reporter gene with binding sites for λN22-GFP in exon II. The interaction of fluorescently tagged 
RNA stem-loop binding proteins with the respective stem-loops allows the visualization of the RNAs. 
Table 3.1 Comparison of the calculated average for the maximum TFI value corresponding to the transcription of 25xBoxB 
sequence between the reporter gene IgM-1.7k-PY-exonII-BoxB, the reporter gene IgM-1.7k-PY, under overexpression of 
RNaseH1, and the reporter gene IgM-1.7k-PY-3'intron-baRFS. 
 25xBoxB in exon II 
25xBoxB post-CPAS         
IgM-1.7k-PY reporter, under 
overexpression of RNaseH1 
25xBoxB post-CPAS         
IgM-1.7k-intron-3´RFS-PY 
mean max. TFI value (± StDev) 55 ± 21 64 ± 11 60 ± 8 
 
In sum, we demonstrated in this project that when RNAseH is overexpressed, the transcription 
termination is not immediate in 27% of the cell imaged, being possible to detect the readthrough of the 
polymerase and an higher transcription rate upstream the CPAS. Further, we show that R-loop formation 
after the CPAS is not essential for an immediate transcription termination, by comparing the IgM-1.7k-
PYpA-baRFS and IgM-1.7k-PYpA-NRFS reporter genes. We also demonstrate an evidence for the 
torpedo model by observing a non-immediate termination, in 33% of the cases, when XRN 2 is knocked 
down. Moreover, we show that the retention of the intron in the mRNA leads to impairment of the pre-
CPAS transcript cleavage. However, the partial rescue of splicing efficiency by inserting an RFS 
upstream the PY1 tract, leads to efficient cleavage of the mRNA and an immediate transcription 
termination in 82% of the cells imaged.   
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4. Conclusions and Discussion 
Transcription is the first step of gene expression, consisting in the synthesis of an RNA molecule 
complementary to a DNA template, catalyzed by an RNA polymerase. The type of transcription 
addressed in this project is the one catalyzed by RNA Pol II to synthetize mRNA. The transcription by 
RNA Pol II is tightly regulated, for example, by binding of transcription factors to the polymerase, 
epigenetic modifications or formation of secondary structures1,6. R-loops are by-products of 
transcription that also have been found to have a role in transcription regulation. They result from the 
hybridization of the RNA molecule produced by RNA Pol II with the complementary DNA strand, 
however how they affect transcription termination and mRNA processing is not well understood32,40,41. 
In this project we investigated the kinetics of the pre-mRNA 3’ end processing and the influence of R-
loop formation on the process of transcription and RNA processing, namely the 
cleavage/polyadenylation, transcription termination and splicing. To achieve the proposed objectives, 
we used spinning disk confocal microscopy with single molecule sensitivity, which allows to follow the 
production and release/degradation of single transcripts in real-time, in live cells and study the kinetic 
parameters of RNA Pol II during transcription.  
One of the objectives of this project was to provide kinetic description of the pre-mRNA 3’ end 
processing and transcription termination. In the first experiments we observed that, during the 
transcription of the IgM-1.7k-PY reporter gene, the PP7 stem-loops sequence in exon II is transcribed 
at a rate of around 4.94 kbp/min and the transcription of the BoxB stem-loops post-CPAS is not detected. 
We conclude that RNA Pol II releases from the DNA before transcribing the 25xBoxB sequence or the 
nascent transcript is immediately degraded, most likely, by XRN239, i.e., transcription termination is 
immediate after reaching the CPAS. The live-imaging experiments allow us to follow the transcription 
of the sequences codifying for stem-loops in real-time, only with an interval of 4 s, and the specificity 
of the viral proteins fused with fluorescent to the repetitive stem-loops enables the detection of single-
transcripts,  amplifying the signal. However, when the Dox concentration used to induce the 
transcription of the reporter gene was higher than 0.08 µg/ml, there was the synthesis of multiple 
transcripts simultaneously and readthrough was detected. Concentrations of Dox higher than 0.08 µg/ml 
increase the polymerase density in the reporter gene and transcription after the CPAS is detected through 
the binding of λN22-GFP to the BoxB stem-loops. This indicates that a high polymerase density 
influences the site and timing of transcription termination, leading to a delay in RNA polymerase release 
from the template and transcription of the BoxB stem-loops sequence. In fact, a previous study 
demonstrated that a high RNA Pol II density at a gene leads to an increase in elongation rate89. As there 
was the simultaneous production of several transcripts, it was impossible to define the beginning and 
the end of transcription of each transcript. Therefore, the RNA Pol II speed was not calculated when 
multiple transcripts were synthetized.  
Previous studies showed that R-loops could play a role in transcription termination by inducing pausing 
or slowdown of RNA Pol II and contributing to an immediate transcription termination66–68. For that 
reason and once the sequence right after the CPAS in our reporter gene is prone to the formation of R-
loops, we tested the influence of RNaseH1, an enzyme which degrades R-loops, in the efficiency of 
transcription termination of our reporter gene. By live cell imaging, we verify that, in 27% of the cells 
transfected with RNAseH1-GR-iRFP, the BoxB stem-loop sequence was transcribed, meaning that 
RNA Pol II keeps transcribing beyond the CPAS and the transcription termination is not immediate. 
The analysis of the RNA Pol II speed shows that the enzyme is faster transcribing the PP7 stem-loops 
sequence when readthrough was detected, around 6.82 kbp/min. These results led us to conclude that 
probably RNaseH1 is degrading R-loops which form along the reporter gene and help to control the 
RNA Pol II speed. So, in 27% of the cases, as the R-loops are degraded, the RNA Pol II speed increases 
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and the enzyme is not able to leave the DNA before transcribing the BoxB stem-loops. Thus, we 
hypothesize that the R-loop formation along the gene is important to control RNA Pol II speed and that 
a velocity of the polymerase significatively higher than 6.0 kbp/min leads to an non-immediate 
transcription termination and consequent readthrough, as already shown in a previous study25. In this 
case, the detection of transcription after the CPAS can be due to the difficulty for the XRNA2 to catch 
RNA Pol II, once it is much faster. However, the measurements are not precise, so, the results obtained 
may be due to other side effects of RNaseH1, for example at the promoter or at the spliceosome. 
To address the question if the R-loop formation after the CPAS influences transcription termination 
efficiency, we used two similar reporter genes, IgM-1.7k-PY-pA-baRFS and IgM-1.7k-PY-pA-NRFS. 
Only the transcription of the PP7 stem-loops sequence was observed in both cases, meaning that there 
was not readthrough and the transcription termination is immediate in the presence or in the absence of 
R-loops after the CPAS. So, we can conclude that the R-loop formation after the CPAS is not important 
for the transcription termination in this gene, despite the evidences previously presented for other 
genes51,66,103. In fact, there are also other genes where R-loop formation after the CPAS does not play a 
role in cleavage and transcription termination, as the SNRPN 104. The velocity calculated for the 
transcription of the PP7 stem-loops sequence for each reporter gene (6.04 kbp/min for the IgM-1.7k-
PY-pA-baRFS reporter gene and 5.85 kbp/min for the IgM-1.7k-PY-pA-NRFS reporter gene) are 
considered similar to the value calculated for the IgM-1.7k-PY reporter gene because the cells are 
imaged only in 4s interval and the average time measured for the transcription of this region in these 
reporter genes (14 s) is close to the timepoint 16 s of the timelapse, as the one measured for the IgM-
1.7k-PY reporter gene (17 s). So, there is not a significant difference (p>0.05, t-test) between the speed 
of RNA pol II in the transcription of the PP7 stem-loops sequence measured for the three reporter genes. 
Despite the fact that we did not detected a impairment in transcription termination when there is no R-
loop formation downstream the CPAS, this does not invalidate the torpedo model in this case because, 
XRN2 is recruited by the multifunctional protein p54nrb/PSF 105, not depending on R-loops. 
As explained before, there are two models for RNA Pol II transcription termination: the allosteric model 
and the torpedo model. The former defends that RNA Pol II is transformed by a conformational change 
into a non-processive form after transcribing the CPAS, releasing the DNA template, while the latter 
posits that a exoribonuclease degrades the transcript synthesized after the CPAS and displace the RNA 
Pol II when encounters it39. Then, we inquire which transcription termination model could explain the 
termination process in the IgM-1.7k-PY reporter gene. To accomplish that, we knocked-down XRN2, 
which is a fundamental protein for the degradation of the nascent transcript after the transcription of the 
CPAS, according to the torpedo model. We detected readthrough in 33% of the cells imaged meaning 
that, in these cases, the XRN2 is essential for an efficient transcription termination. These results are an 
evidence of the torpedo model for the transcription termination in this reporter gene.  Further, in 
untreated cells we only detected mRNA to be released in our system, and not post-CPAS transcripts. 
Thus, the mRNA release and the post-CPAS-RNA degradation and termination can be uncoupled by the 
XRN2 knockdown, or when Pol II density is high at the reporter gene, as seen before. Nevertheless, it 
is necessary to repeat the experiment, since the cells transfected with the plasmid for the shRNA seemed 
stressed and exhibited morphologic alterations, meaning that XRN2 is important for the cell survival106. 
Moreover, despite the confirmation of the XRN2 knock down by western blot, in live cell microscopy 
experiments, we cannot ensure that XRN2 is knocked down in that specific cell. To have a more accurate 
result for the percentage of the cases with readthrough when XRN2 is knocked down, we could perform 
live cell imaging in a 35 mm petri dishes with 10 mm glass bottom with a grid, fix the cells and perform 
immunofluorescence to confirm if there was the knock down of XRN2 in cells imaged before. 
Splicing is also an important cellular process that consists in the processing of the pre-mRNA, by 
removing the non-coding intron sequences, and is mostly co-transcriptional. In fact, transcription and 
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splicing are coupled. Some studies have already shown that splicing can influence cleavage and 
polyadenylation of the pre-mRNA and transcription termination95,96. So, we evaluated if the impairment 
of splicing affects the kinetics of the cleavage of the transcript and transcription termination. Imaging 
cells expressing the reporter gene IgM-1.7k-PYwsj, we detected the transcription of a sequence 
downstream of the CPAS, indicating a readthrough and a non-immediate transcription termination. 
Considering the kinetic parameters calculated, we observed a delay in the mRNA cleavage (41 ± 14 s), 
comparing to the IgM-1.7k-PY reporter gene (35 ± 10 s). The RNA Pol II was also slower over the PP7 
stem-loops (3.71 kbp/min). Perhaps the spliceosome still bound to the RNA Pol II avoiding the binding 
of the factors needed for cleavage and transcription termination. Since the mRNA was not cleaved, there 
is not substrate for XRN2 (5’ end of the nascent transcript after the transcription of the CPAS), and the 
exoribonuclease cannot reach the RNA Pol II, to release it from the DNA template, confirming the 
torpedo model. Thus, we conclude that if splicing is not efficient, the cleavage is not efficient, and the 
transcription termination is not immediate. Indeed, Brody et al. (2011) have already demonstrated that 
the RNA Pol II is retained in association with the chromatin when splicing is not efficient107. 
Some studies showed that R-loops play an important role in regulating transcription43. So, we 
hypothesized that R-loops could also influenced splicing efficiency. To evaluate the influence of R-
loops in splicing a qPCR was performed to detect the type of transcripts synthetized from three reporter 
genes: IgM-1.7k-PY, IgM-1.7k-PYwsj and IgM-1.7k-3'intron-baRFS-PY. As shown before81, 91% of 
the transcripts synthetized from the IgM-1.7k-PY reporter gene were spliced, while 98% of the 
transcripts produced from the IgM-1.7k-PYwsj reporter gene were unspliced. In addition, we 
demonstrated that the R-loop formation before a weak PY tract in the IgM-1.7k-3’intron-baRFS-PY 
reporter gene leads to the rescue of splicing efficiency, since the detection of spliced transcripts 
increased (83%), comparing with the similar reporter gene without the RFS before the weak PY tract. 
Probably, the presence of R-loops before the weak PY tract induces the slowdown of RNA Pol II, 
providing more time to the spliceosome to recognize this weak splice site, enhancing the splicing 
efficiency. 
Once the efficiency of the splicing was restored because of the R-loop formation at the 3’ end of the 
intron, and the efficiency of splicing showed before to influence transcription termination, we also tested 
how R-loop formation in the 3’ end of the intron affected transcription termination. By live cell 
microscopy, we detected only the transcription of the PP7 stem-loops in 82% of the cells imaged. We 
demonstrated that R-loop formation before a weak PY track can restore partially not only splicing 
efficiency but also the efficiency of transcription termination. Indeed, comparing the transcription of the 
IgM-1.7k-PYwsj reporter gene with the IgM-1.7k-3’intron-baRFS-PY reporter gene, there was a 
significant decrease in the readthrough, after the cleavage of the pre-mRNA. Hence, splicing and 
transcription termination are connected and impairment of splicing leads also to an impairment in 
transcription termination. 
Although this project contributed to elucidate the R-loops function in the process of transcription and 
RNA processing, some questions remain to answer. Regarding the influence of R-loops in splicing, we 
could also evaluate the kinetics of splicing, by measuring the lifetime of the intron in the transcript, 
using live cell imaging. The reporter genes used in this study have got an array of MS2 stem-loops 
placed into the intron. So, MS2 protein can be fused with a fluorophore and used to recognize these 
stem-loops in the transcript. Measuring the cycles of fluorescence gain and loss that started and returned 
to background level, it is possible to infer the lifetime of the intron and evaluate if it is affected by the 
presence of R-loops in the 3’ end of the intron. Some studies also indicate that R-loops could have a role 
in transcription initiation, therefore, we could evaluate the effect of R-loop formation on the initiation 
of transcription, using the same method. 
29 
 
To summarize, in this project, we demonstrated that when RNaseH1 is overexpressed, the rate of 
transcription of RNA Pol II is abnormally high, leading to readthrough. We also showed that R-loops 
formation after the CPAS is not determinant for the transcription termination. By the knock down of 
XRN2 we showed that this enzyme contributes to an immediate transcription termination. We also 
demonstrated the presence of an intron in the nascent transcript influences the cleavage of mRNA and 
transcription termination efficiency. The R-loop formation in the 3’ end of the intron revealed to rescue 
the splicing efficiency when the signal for splicing is weak and, consequently, the cleavage and 
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Figure 6.1 Single-molecule calibration measurements. A Schematic depiction of the reporter genes used for calibration 
experiments. The reporter gene on the top was used for calibration of the TFI over background for individual transcripts labeled 
with mCherry-PP7 and the one on the bottom for calibration  of the TFI over background for individual transcripts labeled with 
λN22-GFP. B Microscopy images of diffusing nucleoplasmic reporter gene mRNAs labeled with mCherry-PP7 or λN22-GFP. 
The nucleus (N) is delimited with a dashed line and the TS of the reporter gene is indicated in each cell with an arrowhead. C 
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Figure 6.2 Analysis of live cell spinning-disk confocal images. A Scheme of the IgM reporter gene under control of a CMV 
promoter and two Tet-operator sequences. Binding sites for mCherry-PP7and λN22-GFP were inserted in the exon II and after 
CPAS, respectively. Bindings sites for MS2 were inserted in the intron. The interaction of fluorescently tagged RNA stem-
loop binding proteins with the respective stem-loops allows the visualization of the RNAs. B Microscopy images of HEK 293 
cells transfected with mCherry-PP7 and λN22-GFP expression plasmids to fluorescently label the PP7 and BoxB stem-loops. 
The TS is indicated by an arrowhead and the nucleus (N) is limited with a dash line. Corresponding insets depicting the 
diffraction limited objects in the highest intensity plane of acquired z-stacks are shown below. C Schematic depiction of 
transcription of single RNA transcripts. The time to transcribe the PP7 and BoxB stem-loops corresponds to the time between 
the increase of the fluorescence signal from the background level to a plateau of intensity. Transcription rates were measured 































Figure 6.3 Evaluation of reporter gene splicing efficiency. To evaluate the ratio of spliced and unspliced transcripts, for the 
three different reporter cell lines, we used primer pairs for amplicons between exon I/intron and exon I/exon II for the spliced 
and unspliced transcripts. 
 
